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ABSTRACT 


Two experiments were conducted in order to compare characteristics 
of single aiming and reciprocal rapid aiming tasks. It was hypothesized 
that the two movement classes, reciprocal and single aiming, differed 
in the demands they placed on attentional processes. The result of this 
proposed difference in attentional demand was thought to account for 
the observation that the performance of reciprocal tapping tasks was 
predicted by Fitts (1954) Law, while the performance of single rapid 
aiming movements was not. Conversely, performance of single aiming 
tasks was predicted by the Schmidt et al (1978, 1979) formulation 
which could not accomodate reciprocal tasks. Experiment One provided 
some evidence to support the theory that when subjects operated 
below the capacity of the motor processing system the performance 
characteristics of the aiming movements whether single or reciprocal 
may be predicted by the Schmidt et al formulation. When subjects 
operated beyond the capacity of the motor system then characteristics 
of the aiming response may be predicted by Fitts' Law. Experiment Two 
was an attempt to manipulate the demands placed on a subjects attention 
when performing a reciprocal movement aiming task. The object of the 
experiment was to demonstrate a move from situations predicted by the 
Schmidt formulations to situations predicted by Fitts Law as demands 
on attention in the reciprocal movement task increased. Due to 


t 


methodological problems this experiment failed to proyide useful data. 
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The earliest mathematical relationship between the speed and 
accuracy of movement was provided by Fitts (1954). Fitts demonstrated 
experimentally that movement time (MI) was a linear function of the 
index of difficulty (ID) which was defined in information terms as: 

logy 2A/W 
where A was the amplitude of movement and W the width of the aimed for 
target. This relationship, celebrated as Fitts' Law, accomodated data 
from numerous experimental sources (Knight & Dagnall, 1967; Fitts & 
Peterson, 1964; Fitts & Radford, 1966). Although attempts were made 
to improve upon Fitts' equation, none resulted in any significant 
change (Welford, 1966). Stated simply, Fitts proposed that if movements 
of average amplitude were speeded up then each movement could provide 
less information and, as a result, movement variability would be 
increased by a specified amount. 

Crossman and Goodeve (Note 1) and later Keele (1968) put forward 
a theory to account for Fitts' findings. In this theory the authors 
proposed a system of movement control based on the continued monitoring 
of feedback information and the subsequent issuance of movement 
corrections. However, research aimed at examining movement patterns for 
evidence of corrections was equivocal. Annett, Golby and Kay (1958) 
and Brown and Slater-Hammel (1949) demonstrated the presence of 
movement corrections, while Langolf, Chaffin and Foulke (1976), in a 
microminiature task, failed to uncover evidence of within movement 
corrections. Furthermore, the theory of feedback control could not 
accomodate movements which were completed within a simple reaction 
time. Such rapid movements allowed insufficient time for processing of 


feedback information and the subsequent issuance of corrections based 
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on this information (Hick, 1952; Welford, 1952; Schmidt, Zelaznick, 
Hawkins, Frank and Quinn, 1979). 

Howarth and Beggs (1970) and Beggs and Howarth (1972) proposed 
a visually mediated intermittent feedback mechanism as the basis for 
the control of aimed movements. They proposed that the error on target 
was related to the velocity of limb movement during the terminal 
phases of the movement. Error on target was thought to be proportional 
to the distance from the target at which the last correction was made. 
However, the theory was equally unable to account for movements 
completed within one reaction time. 

Schmidt et al (1978, 1979) proposed an alternate theory based 
on the observation that the motor system appears to be contaminated 
by noise, (within subject variability). They proposed that this 
variability was related to parameters of the movement i.e. amplitude 
and speed. Central to the theory was the notion that movements could 
be centrally organized by a motor program which, when executed, could 
complete a movement without the involvement of peripheral feedback. 

The Schmidt theory related the variability in target accuracy, 
effective target width (W,), to the within subject variability of 
velocity, at the end of acceleration. Schmidt reasoned that if 
movement velocity was directly proportional to the magnitude of the 
impulsive forces, then variability in movement velocity must also be 
proportional to the variability of the impulsive forces. Therefore, 
as movement velocity increased, variability in the magnitude of the 
impulsive force and the time over which the force was acting also 


increased .wlhisetresulted, according to Schmidtj,tinegreater errorein 
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achieving the aimed for target. 

The basic statement of the model is given by: 

We « A/MT 

This formulation seems to describe rapid movements (less than 200 
msecs duration) but cannot account for slower movements of longer 
duration. The lack of a single formula which accomodated both rapid 
and slow aiming movements prompted Klapp (1975) to suggest that 
movements of long duration were under feedback mediated control, while 
rapid short duration movements required control by motor programs. 

Much evidence favoring the central control of movement was based 
on the observation that responses to feedback information were often 
in excess. of the duration of many movements (Lashley, 1951; Keele, 
1968; Glencross, 19/75, 1977; Keele & Posner, 1968). Lenneberg (1967) 
argued that the many hundreds of coordinated muscular movements 
required in the production of a relatively few seconds of speech could 
not be under feedback mediated control. Taub and Berman (1968) studied 
the performance of gross movements in rhesus monkeys following 
deafferentation of the monkey's limbs (surgical elimination of afferent 
feedback). Taub and Berman found that monkeys could use deafferented 
limbs in a reasonably coordinated manner following deafferentation. 
Laszlo (1967, 1968, 1969) duplicated the results of Taub and Berman 
in human subjects by employing ischemic nerve block techniques. 
However, doubts about the complete efficiency of such techniques 
(Glencross & Oldfield, 1975) cast doubt on the importance of such 
research. 


While much evidence has been cited to favour centrally programmed 


z= way 
ae 7 aro 
GOR rtd wpa) pelea ot arbi. 
Magnet ae rr use pail 
naaan abet Meusbetiodte soph eiantn) Shgnts a \o-howl aity —ue'y 
deals arma? ENPL), mEe ngs ery, adiew ans re le 
viiw MOLEC teacre Loin perry gathir ataw oth rears geek Ab atetewenel 
atone snide gi Seyliy Ueathpes ansmyvas: a0) penuh seule bigot 


tangs mw Mituneon 1 {dashed Tnvmnas ofa watts) Sennhtens QO 
reetn anew neidewsiut duethes? a2 osefigews alt wal teripede ap ne 
aise etett habia) mipeppvan di) te rAtevowl wit 2s eenomee 
eed) excternens C0 MAIOY stent 2701 ON percent ae 
etremti) sels leur -tiieeediiea 19. Che Hort prt att jeftd: bpugres 
Wives Aeeege Ta rannse wet OGylentor wl) mul tuhirty ent ae ora lupor 
hintaan CHUL) aemrvinit BIR MURT alge Yiu Sevethier Meedluen'h anal, ail Mae oD 
prtontios etalieg wnref nf eunsequom wresy I voce anata ae, 
yeows he tu atitgeviall: daslcgeatpsy entail a'saditw ois 1% ee : 
hoduet se) tat aga iskented mya. este WOT whaael ban due? =f tosh? 7 
‘datas anesetYinst. yoavnhsih Daaune huvpa aus didaqaenen » ak etal : 
Neneh baa thant Se woke ails Rote tywh (eee) ony TOY olan 7 
oeeinps Ontres d:0bt atom pemmetyat grivelyoe ¢! sadontdum rasan. 6% 
po taptaaton don ie Nona. N ou 20 de aaspel emi 
seh owe $6 ecanrpegatnilt: vo Bihwah sens (cy! oteetaEO a onnieancihly 


4, 


control of movement, the importance of feedback information cannot be 
discounted. Smith (1962) reported that deafferented specimens could 
make only jerky uncoordinated movements in the absence of feedback 
information. Fine graded manipulative movements were not possible. 
Glencross (1975) believed that even centrally generated movements must 
be integrated with peripheral sensory information at some stage of 
Sxecubi On. 

In order to examine possible programmed features of movement Kelso, 
Southard and Goodman (1979) employed a simultaneous two handed movement 
paradigm. They found that movement time was common to both hands 
(as measured by between hands correlation) while movement amplitude 
and height were independent. They postulated that movement time was a 
programmed feature of movements. Using a related procedure Schmidt 
et al (1979) demonstrated that only 1% of variability in movement 
endpoint (a measure of spatial accuracy) could be associated with 
incorrect program selection. However, high degrees of variability were 
related to selection of particular parameters. A high correlation 
between effective target width and the magnitude of the accelerative 
impulse supported the theory that impulse variability was a major 
determiner oft Wo. 

Schmidt et al proposed that movements could be programmed in 
advance and that certain parameters of the program specified the 
magnitude and duration of the accelerative impulse. Such a theory 
would predict that if a mass was added to a limb following the 
initiation of a programmed rapid movement that the limb would fall 


short of the aimed for target. This would be due to the inability of 
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the system to modify the parameters of the program until the movement 
had been completed. Damaging evidence to this position was presented 
by Bizzi, Polit and Morasso (1976); Bizzi, Dev, Morasso and Polit 
(1978) and Polit and Bizzi (1979). Examining movement control in 
normal intact and deafferented monkeys they demonstrated that addition 
of mass to a limb following initiation of a movement did not alter the 
accuracy of the movement in either normal or deafferented specimens. 
Furthermore, displacement of the limb prior to the initiation of the 
movement did not affect the resultant accuracy of intended movement in 
deafferented specimens, even if the displacement carried the limb 
beyond the target. 

It was subsequently proposed that the endpoint of the movement was 
achieved by the specification of a set of length and tension parameters 
in agonist and antagonist muscle groups. These defined an equilibrium 
point between agonist and antagonist muscles which correctly 
positioned the limb in relation to the target. This "mass-spring" 
view of movement control was first proposed by Bernstein (1967) and 
later by Crossman and Goodeve (1963). It can be interpreted as a 
system which displays von Bertallanfy's (1973) principle of 
equifinality. 

While damaging to the Schmidt theory Bizzi et al (1976, 1978) and 
Polit and Bizzi (1979) viewed the mass-spring as the means of achieving 
end point location. They suggested that a number of processes, acting 
in parallel, are responsible for the overall performance of aiming 
movements. One such process, it was suggested, would be responsible 


for control of limb velocity. Falkenberg and Newell (1980) 
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ae 
demonstrated that average velocity may be a programmed feature of 
movement. This gives rise to the possibility that the Schmidt et al 
theory may only speak to the control process underlying limb velocity. 

The Fitts formulation was concerned with the outcome of 

performance and its relation to the parameters of the movement. The 
main emphasis was an examination of the outcome of behavior. The 
Schmidt theory, however, was concerned with identifying underlying 
control mechanisms of movement and as such was more process oriented. 
The two theories, while often taken as opposite views of the same 
problem, can be seen to be completely different in approach and 
application. The following experiments were designed to examine the 
fundamental differences between the Fitts (1954) and Schmidt et al 
C1978, 979) ,formulations. 

Examination of the reciprocal tapping tasks of Fitts and the 
single rapid aiming tasks of Schmidt et al resulted in the following 
differences being identified: 

1. In the Fitts' task the independent variables were 
movement amplitude and target width, while movement 
time and error rate were dependent variables. In 
the Schmidt et al paradigm the independent variables 
were movement amplitude and movement time, while 
effective target width was the single dependent 
variable. 

2. The reciprocal nature of the Fitts' task confounded 
errors On) tap. 1, with, errors, on tap n—l’) and the 


impulse for stopping tap n-l was the same as that for 
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Ts 
starting tap n. Further, visual feedback was used in 
responses to an unknown degree and changed with the 
accuracy requirements of the task. 

3. The Fitts' task required the subject to attend to 
two targets, whereas the Schmidt tasks required 
subjects to monitor only the movement endpoint. 

As such, the Fitts' task was bi-phasic in nature and 
the Schmidt tasks uni-phasic. 

It is proposed that the variable application of the Fitts and 
Schmidt et al formulations may have been due to fundamental task 
differences which existed between the bi-phasic reciprocal tapping 
task and the uni-phasic single aiming movement. It is further proposed 
that such differences were attributeable to differential attentional 
demands of the tasks. Reciprocal tapping involved the monitoring of 
two targets separated by some distance and thus required the 
switching of attention between targets. Single aiming, however, 
involved no peripheral monitoring and consequently all available 
capacity could be devoted to target acquisition. 

The following experiment tested the null hypotheses that, no 
differences in the means of measured parameters of movement existed as 
a result of the nature of the uni-phasic and bi-phasic differences 
between single aiming and reciprocal tapping movements respectively, 
and, that no differences in the variability of the measured parameters 
of movements existed as a result of the previously described differences 


between single aiming and reciprocal tapping tasks. 
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EXPERIMENT I 


An examination of the Fitts and Schmidt methodologies was 
conducted in order to determine which dependent variables might be 
used when comparing the two approaches. Appendix 1 (review of 
literature) gives a review of the Fitts and Schmidt formulations. 

In the Schmidt experimentation the single dependent variable 
was effective target width (W,). The theory of motor output variability 
was based, however, on a theoretical relationship between W, and the 
magnitude and duration of the accelerative impulse producing the move. 
Schmidt proposed that variability in target accuracy at a given 
distance was a result of variability in the time and force production 
mechanisms in the accelerative phase of movement. The Schmidt 
methodology unfortunately did not assess either the impulse magnitude 
or the duration of the decelerative phase of movement. His results 
and interpretations were based almost completely upon those forces 
propelling the limb, and not those related” to its cecelération. A full 
examination of the Schmidt methodology resulted in the identification 
of a number of alternate dependent variables. These were: duration of 
accelerative impulse and its associated variability, duration of 
decelerative impulse and its associated variability, magnitude of 
accelerative impulse and associated variability, magnitude of 
decelerative impulse and associated variability, and effective target 
width (W,). 

Examination of the Fitts methodology resulted in the addition 
of movement time to the list of dependent variables under consideration. 

A question of fundamental importance in understanding movement 


control involves the relationship between initiation and execution 


pares ‘aman went oft 2h WEivat & jaee (na 
sidétvmy vaotnsish aigaty auld (otinineulicass Shlemal aay cs 
ot lidetny suqiwe sotow to wines S0v .tc¥) stably ooseeg vite tw 
O82 bit Qh Wawiod qadenolzafer fn ‘exonds 2 wo) aoe stances 
yom tld’ got sukor's gakuqed svtdaretemse wht le nolje tah the veusangem 
vvlg & 45 qoumOdg Zopwed sil, quieted ay iets Lumaqerg abdeied 


oepeiabes wed), Lae anid $49.0) Gailadared 2b titasT 5 One wert 
Sabie al! scsi iv oman ecbryré!syoa' ota, nt mphretpea 


etus ire aelt«/at eng eeng ls” be deew, on bib yfetans ote reo! algisem 


sifvjes) oie . nsveygr te wea Avitiiaisus) att TH oc lisisa efis 3 


e500) cahils) pug e167414895 TAGCIA Weel so ooY apotial argent bra 


‘a 


iw & ambtatetaget aa) Os Datel seo soni bon ,detl ade dei tage 
: 7 


maitzasbtisaabs oa Of Gaalwabe dapighiiise I5fnihst at Io cnlvenlaet 2 
w wth aul aw oan? peau ase inubhared weeasi® to tate © 1, 
th tnt tnsh apitulieed Labs ope agi hie oblvent sebtngeiaaune 

Re dbus logan wip taddthey Gaidtendas edt due 92S ngaed ov teuelsoeh 

36 ari Lay aettitetey bolwiiowre bie soleqel <2 sayeianam 

wagier orbz00Tle yoo ovata ey tazeroueern ban sbi get wie ateooh 


aH) an 0 bai ie ane. | 


om 


7 


- 
‘ 
2 


ae 


a 
. 


10. 


stages of movement. Fitts and Peterson (1964) suggested that 
perceptual and motor processes could be considered as being 
independent of each other. Consequently the time required to initiate 
movement (reaction time minus stimulus processing time) was unrelated 
to the required accuracy of the movement. Movement time on the other 
hand, varies according to the required accuracy of movement. Crossman 
and Goodeve (Note 1) and Keele (1968) attributes this increase in 
movement time to an increase in the number of within movement 
corrections that could be required to achieve smaller targets. 

The Crossman and Goodeve (Note 1) and Keele (1968) theories 
depended on the monitoring of sensory feedback. Schmidt supported the 
notion that whole movements could be organized or programmed in 
advance and executed without need for feedback information. Furthermore 
rapid single movements could be completed in times short enough 
(i.e. less than 200 msecs) to prevent the utilization of feedback 
information. More exacting movements, such as aiming movements 
requiring higher degrees of accuracy, could require a more precise 
program. Initiation time would therefore increase with the increased 
accuracy demands. Henry (1960) was able to demonstrate that initiation 
time did in fact vary in response to movement complexity. Further, 
Glencross (1972), and Norrie (1974) demonstrated that movements 
requiring a pause and reversal of direction on a definite target, 
in route to a final target require longer initiation times than 
simple forward movements. Reaction time was therefore added as the 
final variable of interest to be used in the comparison between 


single rapid aiming and reciprocal tapping movements. The former 
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Healy 
being considered to be programmed in advance and the latter dependent 
upon feedback information for error correction. 

The eight dependent variables in the following experiment were: 
reaction time, duration and variability of accelerative impulse, 
duration and variability of decelerative impulse, magnitude and 
variability of accelerative impulse, magnitude and variability of 
decelerative impulse, distance moved prior to correction, i.e. a 
standard deviation specifying the target width (W,), distance moved 
following correction, and total movement time. 

In order to compare the Schmidt and Fitts' formulations the 
following movement conditions were established which differed only in 
their mode of initiation. Condition One; involved a simple reaction 
time task followed immediately by a rapid aiming movement to a specified 
target. The reaction time task was used to control the subject's 
attention by forcing him to attend to an auditory stimulus. In 
Condition Two, a reciprocal aiming task was developed which required 
a Single movement away from the body mid-line to a peripheral target; 
followed immediately by a rapid returm aiming movement to acquire a 
specified target. This second phase of the reciprocal aiming task 
was considered to be identical to the rapid aiming movement specified 
under the first condition. A single rapid aiming movement, without a 
preceding reaction time task was used in Condition Three. The subject 
initiated the movement when he felt prepared to do so. 

These three conditions were established for the following 
reasons. Conditions One and Three were identical single aiming 


movements of the Schmidt variety which differed only in their demands 
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12 
on attention. Condition One required attention to be directed towards 
an auditory stimulus while Condition Three did not. A comparison of 
these movements was in effect a comparison based upon differences in 
attention demands of each condition. Condition Two a Fitts type of 
task; embodied both the rapid aiming movements used in Conditions One 
and Three and an initial outward movement to a peripheral target; an 
important feature of reciprocal tapping. This condition required 
attention to be directed towards a peripheral physical stimulus and 
also a planned reversal of movement direction. 

The three established conditions described a continuum of 
movement requirements. Condition Three, a single rapid aiming movement 
with no demand on attention, Condition One, a single rapid aiming 
movement with some demand on attention, and Condition Two, a rapid 
aiming movement following a planned reversal of movement direction 
requiring attention to be directed towards a physical stimulus which 
coresponded to the point at which the planned reversal had to take 
place. 

The three conditions embodied all of the features of single 
aiming and reciprocal tapping movements allowing a comparison of such 


movements to be conducted. 
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Method 
Subjects 
Thirty male subjects, students at the University of Alberta, 
ranging in age from 19 to 32 years, volunteered for the experiment. 


All subjects wrote with their right hands. 


Apparatus ayoval Wasiic 


A PDP 11/10 computer was employed to control the experiment and 
collect data. The interaction between the apparatus and computer is 
shown in figure 1. The computer was used to control an auditory tone 
which acted as an event indicator to the subjects. The tone was 
activated by the computer by closure of a solid state switch via a 
signal from the computer's digital to analog converter. This switch 
activated an EICO audio wave generator to produce the tone. The 
computer was also employed to collect analog data from an accelerometer 
and potentiomater. These devices were connected to the A/D (analog to 
digital) channels of the computer. Analog data was subsequently 
digitized and stored on floppy disks. 

Three target lights, Leecraft 3200 amber snaplights, were 
embedded in a plywood board which was first covered with heavy black 
paper and then overlayed with % inch household window glass. The 
effect was to give three target lights which appeared as orange 
strip lights approximately 0.2 cm in width. The three lights were 
separated from a 1 cm wide metal start plate by distances of 10, 20 
and 40 cm respectively. The three target lights could be individually 


controlled by the experimenter. 
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Figure l. Plan of Apparatus and Interface 
with Computer 
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Two lightweight brass sprockets were mounted individually upon 
the spindles of two 10 Kohm ten turn potentiometers. The potentiometers 
were mounted on the table 100 cms apart from each other. They were 
situated centrally over either end of the plywood board. The 
potentiometers were mounted on uprights approximately 5 cm above 
this board allowing it to move freely beneath them. An Eveready 
heavyduty 6 volt battery was connected to the potentiometers. Only 
the output of one of the potentiometers was used as a source of 
analog signal for transmission to a digital channel of the computer. 

A continuous nylon ladder chain ran between the two brass 
sprockets. Linear movements of the nylon chain caused rotation of the 
potentiometer spindles and a resultant change in resistance. Since 
the potentiometers were linear, movement of the nylon chain caused 
linear changes in output voltage. These changes in output voltage 
were sampled at a rate of 500 values per second. 

A metal stylus, approximately 15 cm in length was fixed to the 
lower segment of the nylon chain. A piezoelectric accelerometer 
(Bruel and Kjaer Type 4332) was mounted on the stylus. The accelerometer 
was attached to a preamplifier (Bruel and Kjaer, Type 2616) which was 
mounted on the back of the subject's chair at the level of the 
shoulder. Output from the preamplifier was fed to a power amplifier 
(Hewlett Packard Type 467A). Output from that amplifier was then fed 
into a second A/D channel of the computer. Movements performed by 
displacing the stylus in the lateral plane, were therefore converted 
into voltage equivalents by the accelerometer and potentiometer and 


then digitized by the computer for immediate storage and eventual 
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analysis. 

An inclined wooden screen was fitted to the bench on which the 
equipment sat. The screen was of such length as to prevent subjects 
from viewing their arms or the equipment to the right of a line drawn 
perpendicular to the subject's mid-line. Since target lights could be 
illuminated individually and the position of the plywood board 
adjusted freely, the experimenter could make the target light visible 
to the subject while at the same time obscuring the start plate and 
right limb. Target lights coresponding to the amplitude of movement 
desired could be illuminated and correctly positioned by the 
experimenter relative to both screen and subject. 

The task in Condition One required the subject to respond to an 
auditory signal by performing a single rapid aiming movement in the 
lateral plane. The movement, from initiation to target acquisition, 
was to be completed as rapidly and accurately as possible following 
the tone. 

The subject was seated approximately eight inches from the 
bench such that the mid-line of the subject's body was directly 
opposite the target light. The metal stylus was fitted to the subject's 
right hand by taping it between the index and forefingers. The stylus 
was then attached to the nylon ladder chain and the subject positioned 
its tip on a cross point embossed into the metal start plate. The 
subject was allowed to view beneath the screen to acquire the cross 
point but following this was instructed to return to an upright 
position, in which only the target light was visible. 


The computer was programmed to give a clearly audible tone of 
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500 msecs duration signifying that a trial could begin. When the 
subject felt he was ready he depressed a small switch with his left 
hand. After a three second delay following depression of the switch 
the computer gave a second long tone of 500 msecs duration which, the 
subject was instructed, was a warning tone. The computer was 
programmed to create a random delay of between 500 and 3,500 msec 
following the warning tone. Following this delay the computer gave a 
Signal of 50 msec duration which was the subject's signal to initiate 
his response. The subject was previously instructed that upon 
receiving this signal he was to move as rapidly and accurately as 
possible from the start plate to come to rest above the illuminated 
target without coming into contact with the glass. 

On initiation of the signal tone the computer was programmed to 
sample and store the incoming data from tne accelerometer and 
potentiometer. Sampling occured asynchronously at a rate of 1000 
samples per second. Sampling lasted for 1000 msec, thereby providing 
500 samples from the accelerometer and 500 from the potentiometer. 
Following a variable delay not exceeding 8000 msec during which 
acquired data was stored by the computer, the above procedure was 
repeated again. Subjects were given ninety such trials,divided into 
sixty training trials followed by thirty test trials. 

The task in Condition Two required the subject to perform 
a rapid aiming movement to a target following the acquisition of a 
second target situated to the subject's right. The aiming movement 
required the subject to return, as fast and accurately as possible 


to the start position following the acquisition of the second target. 
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Subjects in Condition Two were seated as in Condition One and 
the stylus taped between the index and forefingers of the right hand. 
The subject began a trial by positioning the sylus on the glass 
directly on the target light. Following a 500 msec tone from the 
computer, the subject moved the stylus along the glass to the right 
until a change of context was perceived indicating contact with the 
start plate (this change of context was extremely obvious to the 
subject). Contact with the start plate was the signal that the 
subject was to move as rapidly and as accurately as possible back to 
the target light without contacting the glass. 

The metal start plate and stylus were so arranged that 
contact between the stylus and the plate acted as the closure of a 
switch. Upon closure of this switch the computer began to sample for 
1000 msec from the accelerometer and potentiometer. Following 
a delay during which sampled data was stored by the computer a 
second tone of 500 msec duration was given indicating the start of a 
new trial. Subjects were again given sixty training followed by 
thimntyates betntals. 

The task in Condition Three required the subjects to perform 
a single rapid aiming movement to an illuminated target. This movement 
was self initiated by the subject. 

Subjects were seated as in Conditions One and Two, with the 
stylus once again taped between the index and forefingers of the 
subject's right hand. The subject positioned the stylus so that it 
rested lightly upon the metalic start plate. The subject was allowed 


to view beneath the screen to position the stylus correctly, but 
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once this was completed the subject was instructed to return to an 
upright position in which only the target light was visible. The 
computer was programmed to give a 1000 msec tone indicating that 

a trial could commence. The subject initiated a trial by pressing 

the stylus down firmly upon the metalic start plate. This action 
closed the switch lying beneath the start plate and caused the computer 
to commence sampling. The subject then moved as rapidly and accurately 
as possible to stop above the target light without coming into 

contact with the glass. Following a variable delay period not 

longer than 8000 msec during which sampled data was stored by the 
computer, a second tone of 1000 msec was given to indicate that a 
further trial could begin. Subjects were given sixty training 


Followed iby thirty test triais. 


Ten subjects were randomly assigned to each treatment condition. 
Subjects in each condition were tested under all amplitudes, namely 
10, 20, and 40 cm. The order for testing for amplitude was decided 
randomly, however, once this order was decided all subjects were 
tested in this order. The order for testing for amplitude was 
20cm, 10cm, and 40 cm. The thirty subjects were tested at their 
convenience. Subjects were, however, tested only once per day to 


avoid fatigue effects. 


Design 


10 subjects were randomly assigned to each of the three 


treatment conditions, Condition One, Condition Two, and Condition 
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Three. Results were analysed using a three way factorial repeated 
measures design. The number of levels of the three factors were; 
3 (treatment condition) X 3 (amplitude of movement) X 20 (trials). 
Following this analysis standard deviation data for each subject 
performing under each amplitude of movement were submitted to a 
two way factorial repeated measures analysis of variance. The number 
of levels of the two factors were; 3 (treatment condition) X 


3 (amplitude of movement). 


Data Analysis 


On completion of the 30 test trials the computer indicated 
the end of the test session by giving four short tones. The 
computer was further programmed to analyse the stored digital data. 
Appendix B gives a graphical representation of the digital data 
collected during a single trial. The diagram shows how this data was 
used to obtain measures on the dependent variables of interest. 

Data from the potentiometers was used in the calculation of 
displacements and gave, therefore, distances moved prior to and 
following corrections. The accelerometer was used in the calculation of 
the magnitudes and durations of the impulsive forces as well as 

total movement time. 

Only the first 20 acceptable trials from each test session 
were submitted to statistical analysis. Trials were considered to be 
unacceptable for the following reasons; responses were initiated 
prior to the required signal, movements were completed after the 


end of the computer sampling period and were not, therefore, 
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completely sampled, subjects failed to respond to the signal, 
movements were performed at such speed that they failed to provide 
suitable acceleration data for analysis by the computer, these movements 


were not felt to have been performed as fast as possible. 


Results and Discussion 


Table 1 is a summary of the results of the three way factorial 
repeated measures analysis of variance performed on data obtained for 
each of the dependent variables in Experiment One. Table 2 is a 
summary of the results of the two way factorial repeated measures 
analysis of variance performed on standard deviation data obtained 
from Experiment One. For the purposes of the current discussion major 
consideration will be given to the variables of effective target 
width (standard deviation of distance moved prior to correction), 
variability of impulse duration (standard deviation of duration of 
accelerative impulse) and reaction time. 

The major prediction of the Schmidt et al (1978, 1979) theory 
of motor output variability related variability of impulse duration 
to effective target width, W,. The theory proposed that as variability 
in impulse duration increased there would be a proportional and 
linear increase in W,. Examination of the results from the current 
experiment showed a significant main effect for treatment condition 
on the variable, variability of impulse duration, F(2,27)= 7.74, 

p <.0l. No significant main effect for treatment condition was 
obtained for the variable, effective target width. For the main effect 
of amplitude, significant differences were obtained for the dependent 
variable effective target width, F(2,54) = 1479.94, p < .000, but no 
significant differences were obtained for variability of impulse 
duration. 

Neither of these results would be predicted by the Schmidt 


theory. According to the theory, significant differences between 
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Table 2 


F ratios obtained in analysis of variance 
performed on standard deviation data 
for each dependent variable in Experiment One. 


Treatment 
Dependent Variable Condition Amplitude CXA 
(C) (A) 

Standard deviation of 
duration of accelerative 5.83% De yts 0.58 
impulse. 
Standard deviation of 
duration of decelerative 4.90% 0.062 0.41 
impulse. 
Standard deviation of 
magnitude of accelerative 2.04 9.482% 0.13 
impulse. 
Standard deviation of 
magnitude of decelerative Negev 4.981% 0.49 
impulse. 
Standard deviation of 
distance moved prior to O S22 26¢ 532% 0.25 
correction. 
Standard deviation of 
distance moved following O23 20.926%* Om 


correction. 


* indicates probability < .05 
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Figure l. Mean (a) and standard deviation, (b) of duration of 
accelerative impulse as a function of amplitude and 
treatment condition 
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decelerative impulse as a function of amplitude and 
treatment condition. 
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accelerative impulse as a function of amplitude and 
treatment condition. 
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Figure 5. Mean distance moved prior to (a) and following (b) 
correction as a function of amplitude and condition. 
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Figure 6. Effective target width as a function of movement 
amplitude and treatment condition (a) and movement 


amplitude and velocity (b). 
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Figure 7. 
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treatment conditions on the variability of impulse duration should 
have been accompanied by similar differences between treatment 
conditions for effective target width. Similarly within conditions, 
as amplitude increased, increases in effective target width should 
have been accompanied by a proportional increase in the variability 
of impulse duration. Neither of these results was obtained in the 
current experiment and therefore the experiment failed to support 
Schmidt's theory. 

Fitts' (1954) theory predicted that as movements of a fixed 
amplitude were speeded there would be an increase in the variability 
of movement endpoint, We. Results of the current experiment 
demonstrated a significant main effect for treatment condition on the 
dependent variable movement time F(2,27) = 4.95, p < .05. 

Movements in the self-initiated condition (COndition Three) were 
performed significantly faster than wovements in conditions One and 
Two. There was, however, no main effect for treatment condition on 
the dependent variable effective target width. This finding was 
contrary to the prediction of the Fitts' theory which would have 
required an increase in effective target width as movements became 
faster. It would appear in the current experiment that the mode of 
movement initiation affected the resultant accuracy and speed of 
movement. Self-initiated movements with limited attentional demands 
could be performed more rapidly than but with equal accuracy to 
movements requiring a response to a tone or a planned reversal of 
direction (Conditions One and Two respectively). 


Figure 6(b) shows effective target width plotted as a function 
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of movement velocity and treatment condition. No significant increase 
in effective target width was observed when movement velocity 
increased from 50 to 100 cm per second. A significant increase in 
effective target width was observed when movement velocities increased 
from 100 to 150 cm per second. In the first case both amplitude and 
velocity of movement were increased with no significant increase in 
W.. These results suggested that effective target width did not 
increase until subjects operated at velocities which put them above 
the capacity of the motor system. It could be suggested that 

single aiming movements could be performed at greater velocities than 
reciprocal movements while maintaining the same degree of accuracy 
because less capacity had to be devoted to the monitoring of stimulus 
events. It could be suggested that Fitts' law holds in conditions 

in which subjects are performing at or beyond the capacity of the motor 
system while the Schmidt formulation would hold under conditions 
where subjects were operating below capacity. The performance of 
Single aiming movements which required attention to be directed 
towards an extraneous stimulus event should by the previous argument, 
closer approximate performance of movements requiring planned 
reversals such as those in Condition Two, than the self-initiated 
movements of Condition Three. While insufficient data points are 
available figure 6 (b) lends some support to the previous argument. 
Condition Three (self-initiated single rapid aiming movement) 
demonstrates a near linear increase in effective target width with 
movement velocity while Conditions One and Two may well demonstrate 


logarithmic increases in effective target width with movement velocity. 
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The foregoing discussion is based on the assumption that within 
treatment conditions requiring response to a stimulus (Conditions One 
and Two) there was no trade off between complexity of movement, as 
represented by amplitude of movement, and reaction time. Henry et al 
(1960) proposed that the time required to program a movement, as 
reflected by reaction time, increased as the complexity of the movement 
increased. Analysis of variance performed on reaction time data from 
the current experiment showed no significant main effect for amplitude. 
Subjects did not take longer to plan movements of greater amplitudes. 
Data obtained for other dependent variables could not be attributed 
to subjects adopting a trade off strategy in which programming time 
was increased for longer amplitude movements. Observed differences on 
the dependent variables measured could more safely be attributed 
to the experimental manipulation which required attention to be 
directed towards particular stimulus events. 

A significant main effect for treatment condition was obtained 
for reaction time F(2,27) = 22.0, p < .05. Reaction times for 
Condition Two were significantly longer than those for Condition One. 
Henry et al (1960) would suggest that this reflected the greater 
complexity of movements requiring a planned reversal of direction. 
This increased reaction time did not result in a more complete 
programming of the return aiming movement. Figure 5 (a) and (b) 
show that increased planning time in Condition Two did not result 
in greater accuracy of movement. Analysis of variance showed 
no significant main effects or interactions for the variables 


distance moved prior to correction or distance moved following correction. 
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Figure 3 (a) and (b) show the magnitude and variability of impulse 
for acceleration. Condition One shows greater accelerative impulse 
with greater associated variability than condition two. This is 
reflected in a significant difference obtained in analysis of variance 
for the dependent variable movement time for the main effect of 
BEeatmentcond thong Fia( 2627) = 14.95 spits s05eeAgsiini lar toesult was 
obtained for the dependent variable decelerative impulse force. 
A significant main effect was obtained for the main effect of amplitude 
H@2RD 4) w= ssl 22 yepine 05 eehieures4 (a) ishowsjnear slineansincreases, in 
decelerative impulse for all conditions as a function of amplitude 
of movement. While no significant main effect for treatment condition 
was obtained it was interesting to note that Condition Three while 
demonstrating the largest accelerative impulses (figure 3) demonstrated 
the smallest decelerative impulses. This may be due to the more 
complete programming which may have taken place because no attention 
was required to be directed to any extraneous events. Figures 1 and 2 
show that not only was the magnitude of accelerative impulse greatest 
for Condition Three it acted over the longest time of the three 
conditions while the decelerative impulse as well as being the smallest 
of all conditions also acted over the shortest time. These two 
results also seem to support the notion that more complete programming 
took place for movements performed by subjects in Condition Three. 

In conclusion, the current experiment provided evidence to 

support the theory that single aiming and reciprocal tasks differ 
in their organization. The differences would appear to be related to 


the discrepent attentional demand between the three movement classes 
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examined. One explanation would be that increased demands on attention 
resulted in decreased capacity for movement programming. The effect 
on programming of decreased capacity was not reflected in increased 
variability of movement endpoint. Accuracy of movement was maintained 
in all conditions while parameters related to movement velocity 
were effected. It would appear that rapid movements can be performed 
with the same accuracy as slow movements providing the attentional 
demands in the slow movement case were severe. If this was the case 
then the performance of reciprocal tasks such as those in Condition 
Two should vary according to the demands placed on attention by the 
task. As the attention demanded by the point of reversal is 
increased, perhaps by making the target plate at that point narrower, 
then the characteristics of the return aiming movement should be 
altered. According to the foregoing argument these changes should not 
be related to the effective target width, effective target width 
should be maintained for movements of equal amplitude regardless of 
demands placed on attention, Rather, the effect should be noted 
on parameters relating to the velocity of the movement. A second 


experiment was conducted to examine and test this prediction. 
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Siete 

Experiment One provided some evidence to support a tentative 
theory that single rapid aiming tasks and tasks of a reciprocal nature 
differed in their organization. The obseryed differences in the 
measured parameters between the two classes of movement appeared to be 
dependent upon the amount of attention subjects were required to direct 
towards events other than the aiming response, Acquisition of the 
peripheral plate in Condition Two and attending to the stimulus tone in 
Condition One appeared to demand capacity. Reductions in the capacity 
available for formulating the movement response did not lead to a 
reduction in accuracy of movement. Rather, differences were observed in 
factors relating to speed of movement. It was subsequently suggested 
that Fitts' law may hold under conditions in which subjects are 
required to operate beyond the limited capacity of the human motor 
system. Similarly it was proposed that the Schmidt formulation held 
under conditions in which the subjects operated below the limited 
capacity of the motor systen. 

The foregoing argument suggested that in reciprocal tasks 
subjects were required to attend to targets which marked the points of 
reversal in the movement task. Because attention was demanded by the 
points of reversal, reduced processing capacity was available for the 
formulation of the subsequent response, The effect on performance 
was not reflected in a reduction in accuracy but rather in factors 
related to movement speed such as magnitude of accelerative impulse, 

It was proposed, therefore, that reduction in attention demanded at 
the points of reversal in a reciprocal task would result in movements 


of increased velocity but not increased accuracy. 
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Experiment Two was an attempt to manipulate the attention 
required to be directed to the points of reversal in an aiming task 
which required a planned reversal of movement direction. This was 
accomplished by manipulating the width of a peripheral target plate 
which represented the point at which reyersal of the movement was 
required. It was hypothesized that as the width of the reversal plate 
increased so the subject would be required to deyote less attention 
to its acquisition. Greater processing capacity would be available for 
planning and execution of the return movement following acquisition of 
the reversal point. The result of decreases in the attention deyoted 
to the peripheral plate would be return moyements of increased velocity. 
All movements, regardless of the attention demanded by the point of 
reversal, which was theorized to be dependent upon its width,would be 
performed with equal accuracy. It was further hypothesized that as 
demands on attention were reduced, performance of the aiming response 
in a reciprocal task would more closely approximate that of a single 
aiming response. 

The question of interest in the current experiment related to 
the effect of attentional demand on performance of aiming movements 
requiring a planned reversal of movement direction. Performance was 
assessed by measurements obtained on the eight dependent variables 
detailed in Experiment One. Since attention demand in the task was 
thought to be dependent on the width of the plate representing the point 


of movement reversal, movements in the following experiment had to be 


visually guided. 
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Method 


Subjects 


Five male subjects, students of the University of Alberta, 
ranging in age from 21 to 29 years, volunteered for the study, All 


subjects wrote with their right hands, 


Apparatus and Task 

A number of modifications were made to the apparatus described 
in Experiment One. The screen which preyented subjects from viewing the 
course of movements was remoyed in order to allow for visually guided 
movements. The peripheral start plate which acted as the starting point 
for all movements was also removed, Three metal plates were constructed 
of widths 10, 20, and 40 mm respectively. These plates could be 
inserted by the experimenter into the position previously occupied by 
the peripheral start plate. When any of the plates were in position, 
thew tstance etween stlre*centre ine of “the plate and the three’ target 
lights remained 10, 20, and 40 cm, There were, therefore, nine 
possible combinations of peripheral target width (PTW) and amplitude of 
movement. 

The task in Experiment Two required the subject to perform a 
visually guided single rapid aiming moyement to a visually illuminated 
target following the acquisition of a metal plate situated to the 
right of the target light. This task required a planned reversal in 
movement direction at a predetermined point prior to the acquisition of 
the target. 


A PDP 11/10 digital computer was used to control the experiment, 
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38. 
The interaction between the apparatus and the computer was identical 
to that described in Experiment One Condition Two. The computer was 
used to control an auditory tone which acted as an event indicator to 
the subjects. The tone was activated by the computer by closure of 
a solid state switch via a signal from the digital to analog channel of 
the computer. This switch operated an EICO audio waye generator to 
produce the clearly audible required tones, 

The subject was seated for each test session as in Experiment 
One such that the mid-line of the subject's body was aligned with the 
target light. Prior to the arrival of the subject, the experimenter 
selected the appropriate amplitude of moyement and width of peripheral 
plate and adjusted the equipment accordingly. The stylus, bearing the 
accelerometer, was taped between the index and forefingers of the 
subject's right hand. The stylus was attached to the lower segment of 
the nylon ladder chain and this arrangement allowed for movements 
only in the lateral plane. The subject was instructed that each trial 
would begin with the stylus resting lightly upon the target light. 

The computer was programmed to give a long tone of 1000 msec 
duration to indicate that a trial was to begin. After a fixed period 
of 3000 msecs the computer was programmed to give a tone of 500 msec 
duration which acted as a warning tone. After a delay of 500 msec a 
very short tone of 50 msec duration sounded to indicate to the subject 
that the movement out to the peripheral plate was to begin. 

Speed of movement out to the peripheral plate was controlled by 
a further tone which acted in metronome fashion, The subject was 


instructed that his movement to the peripheral target plate should 
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be evenly paced and in time with the pacing tone. This provided a 
relatively constant velocity of moyement to the periphery for all 
amplitudes of movement since the duration of the pacing tone was 
proportional to the amplitude of the movement, 250 msec for 10 cm 
movements, 500 msec for 20 cm movements and 1000 msec for 40 cm 
movements. Upon initiation of the pacing tone subjects began the 
horizontal movement to the right towards the peripheral target plate. 

Upon contact with the peripheral plate the subject was instructed 
to move as fast and accurately as possible to a position above the 
target light without coming into contact with the surface, Contact 
between the sylus and the peripheral plate acted as an event indicator 
to the computer. The computer commenced sampling data from the 
accelerometer and potentiometer for 1 second at a rate of 1000 samples 
per second. 

Upon achieving the target the subject was instructed to remain 
there until the computer issued a further long tone indicating that the 
next trial would begin following a delay interval. During the delay the 
computer stored collected data for later analysis. 

All subjects received 60 training trials followed by 30 test 
trials. Subjects were tested under all combinations of amplitude and 
peripheral plate size giving a total of 9 test sessions per subject. 
The order of testing for each subject was decided randomly by drawing 


the 9 combinations from a hat. Subjects were tested once per day for 9 


days. 
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Design | 40. 
The 5 subjects were tested under all combinations of amplitude 

and peripheral target width. Mean and standard deviation data were 

submitted to a two-way factorial repeated measures design with repeated 

measures on both factors. The levels of the two factors were; 

3 (amplitude) X 3 (peripheral target width). Of the 30 test trials 

the first 20 acceptable trials were submitted for analysis. A trial 

was considered unacceptable for the following reasons; the subject 

failed to make contact with the peripheral plate, the subject failed to 

complete the aiming response within the sampling time of the computer, 

movements were performed at such speed that they failed to provide 

suitable acceleration data for analysis by the computer, these 

movements were not felt to have been performed as fast as possible, 

the subject failed to respond to the pacing tone and did not move to 


the periphery. 
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Table 3 


F ratios obtained from analysis of variance 
performed on mean data obtained for each 
dependent variable in Experiment Two 


Peripheral 
Dependent Variable Amplitude Target Width A X PTW 
(A) __ (PTW) 
Reaction Time ZO Ths Wiehe 
Duration of 
accelerative impulse Le .oloe 39.985 1.344 
Duration of 
decelerative impulse 7e029* Healer 22020 
Movement Time Delos te2oe 0.578 
Magnitude of 
accelerative impulse 45.920% pie fet?) 1.481 
Magnitude of 
decelerative impulse 6.864% 1.746 See oes 
Distance moved 
prior to correction HSE VA Ok 3.102% 22920 
Distance moved 
following correction 239 ,430% 1 ols 2.403 


* indicates probability < .05 
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Table 4 


F ratios obtained from analysis of variance 
performed on standard deviation data obtained 
for each dependent variable in Experiment Two 


Peripheral 
Dependent Yariable Amplitude Target Width A X PTW 


—— — eh oN) Aes 


Standard deviation of 
duration of accelerative ye 276 pat a 22039 
impulse 


Standard deviation of 
duration of decelerative 5.039 1.746 Zee 
impulse 


Standard deviation of 
magnitude of accelerative 4.680% py | Od 
impulse 


Standard deviation of 
magnitude of decelerative Osos algae 2.24 
impulse 


Standard deviation of 
distance moved prior to 11.960* De0l% 2.44 
correction 


* indicates probability < .05 
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Figure 9 Mean (a) and standard deviation (b) of the duration of 
impulse for acceleration as a function of amplitude and 
peripheral target width (PTW). 
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Figure 10 Mean (a) and standard deviation (b) of the duration of 
impulse for deceleration as a function of amplitude and 


peripheral target width. 
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Figure 1l Mean (a) and standard deviation (b) of magnitude of 
impulse for acceleration as a function of amplitude 
and peripheral target width. 
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Figure 12 Mean (a) and standard deviation (b) of magnitude of 
decelerative impulse as a function of amplitude and 
peripheral target width. 
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Reaction time (a) and Movement time (b) as a function 
of amplitude and peripheral target width. 


EFFECTIVE TARGET WIDTH Wy (dig.vele.) 


MOVEMENT AMPLITUDE (ca.) 


Effective Target Width as a function of amplitude 
and peripheral target width, 
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Tables 3 and 4 show the results of the two-way factorial repeated 
measures analysis of variance performed on mean and standard deviation 
data obtained from Experiment Two. 

Figure 7 shows reaction time data for Conditions One and Two 
of Experiment One. The significant main effect of treatment condition 
was taken as an indication of differences in task complexity between 
Conditions One and Two. Henry (1960) and Klapp (1975) reported that 
more complex movements required increased processing time. In the 
current experiment no significant main effect or interaction was 
obtained for the dependent variable reaction time. For movements of 
fixed amplitude the manipulation of peripheral target width appeared 
not to increase the complexity of the response, The expected effect on 
attention of reducing the width of the peripheral plate did not take 
place. 

Figure 14 presents effective target width (standard deviation of 
distance moved prior to correction) as a function of amplitude of 
movement and peripheral target width. Analysis performed upon this data 
demonstrated a significant main effect for both amplitude F(2,8) = 11.96, 
p <.05 and peripheral target width F(2,8) = 5.04. p < .05. Based on 
the findings from Experiment One it was proposed that no such differences 
in effective target width would be observed as a function of the 
manipulation of peripheral target width. Such a proposal could not be 
supported by the data obtained here. One reason for this failure may 
have been that no effort was made to observe whether or not the 


subjects made errors in reaching the peripheral target plate prior to 
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initiation of the rapid visually guided moyement to the target. As a 
result of the failure to partition the errors, the distance moyed prior 
to correction and following correction of the rapid aiming movement, 
contained error at both ends of the movement and not merely at the 
final target as was assumed in the analysis, Thig problem did not 
arise in Experiment One since all movements were initiated from the 
same point and errors were not, therefore, confounded. 

Examination of the mean distance moved prior to correction 
showed that for 40 cm movements to the 4 cm peripheral plate the 
distance moved on the return rapid aiming moyement was greater than for 
similar movements to the 1 and 2 cm plates, Furthermore, this difference 
was maintained following correction of the rapid aiming movement 
implying that for the 4 cm peripheral plate the actual amplitude of 
movement was greater than 40 cm. However, this did not result in the 
greatest effective target width. The validity of this result mst, 
however, be suspect since much of the error obyiously occured at the 
periphery and as such was not accounted for in the calculation of W, 
around the final target (see figure 14). 

In the light of these findings it is difficult to comment upon 
the results for other dependent variables in the experiment, 

A further methodological limitation related to the timing of 
the movement out to the peripheral plate. Long amplitude moyements 
were given proportionally longer times for acquiring the peripheral 
plate than were short movements. This difference in time may have been 
sufficient for subjects to perform accurate moyements to the peripheral 


plate. Calculation of effective target widths for moyements to the 
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peripheral plates may have demonstrated that for all peripheral 

target widths the effective target width of moyements to the 

periphery were the same. Such a finding would suggest that the most 
important measure of peripheral attentional demand would not be the 
size of the peripheral plate given hy the experimenter , but rather the 
effective target width calculated from the length of movements to the 
plate provided by the subject, Effective target widths can then be 
calculated using a method reported by Welford (1968) and employing a 
correction factor reported by Crossman (1957), 

Equivalence of reaction time data for the three peripheral 
target widths may have been due to the fact that in movements to large 
peripheral plates, more time was taken in the preparation of the 
return rapid aiming response than in acquisition of the peripheral 
plate. In movements to narrow plates, howeyer, the long reaction times 
recorded may have been reflective of increased time required to acquire 
the peripheral target and not in the time required to generate an 
adaquate response (see figure 13(a)). 

Taken together the methodological limitations of the current 
experiment are so numerous that an interpretation of the obtained 
results would be meaningless. A possible experimental paradigm which 
could provide information relating to attentional demand in reciprocal 
aiming responses without the drawbacks of the current experiment could 
be performed as follows. subjects would be required to move alternately 
between targets of differing widths, The distribution of shots around 


each target would be indicative of the effective target width for that 


target, If the proposed theory was correct then no differences in 
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effective target width would be obtained regardless of the size of the 
aimed for targets. However, differences would exist in parameters 
related to movement velocity. 

Figure 9 shows mean and standard deyiations for duration of 
accelerative impulse while figure 11 shows magnitude of accelerative 
impulse and its associated standard deviation. Both functions appear 
to demonstrate linear increases with amplitude for each peripheral target 
width. Although these results are inconclusive it is interesting to 
note that such results would be supportive of the Schmidt model even 
though the movements which produced these results were reciprocal in 
nature. Similar results were obtained for duration and magnitude of 
decelerative impulse, figures 10 and 12, The most strikingly linear 
relationship being for PTW 4 cm this being the peripheral target 
width which was predicted to show characteristics most similar to 


the single rapid aiming movements described by Schmidt. 
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General Discussion 


Experiment One provided evidence which suggested that the 
variable application of Fitts' (1954) and Schmidt et al (1978, 1979) 
formulations was dependent upon the attentional demands of the tasks. 
Fitts law would appear to hold in conditions in which subjects were 
operating beyond the processing capacity of the motor system while the 
Schmidt relationship could conceivably hold in conditions in which 
subjects operated below that capacity. Experiment One indicated that 
the accuracy of movements could be maintained with increased velocity 
as long as the limited processing capacity of the motor system was 
not overloaded. This would suggest that when available capacity for the 
processing of movements is reduced, factors related to the speed of 
movement are affected before factors related to the accuracy of 
movement. 

Polit and Bizzi (1979) comparing normal intact monkeys and 
monkeys with bilateral dorsal rhizotomy (C2 - T3) performing forearm 
positioning movements demonstrated that specimens performed the aiming 
responses with equal accuracy even when limbs were unexpectedly 
displaced prior to the initiation of the moyement, Since yisual feedback 
was not available to the monkeys, success in the task could not be 
credited to this source. Most importantly, the success of the aiming 
response was maintained eyen when the limb was displaced beyond the 
aimed for target and the response required changed, therefore, from 
a forward to a reverse motion, 

Accounting for these findings Polit and Bizzi postulated that 


the 'motor program' specified, through the selection of a set of 
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length - tension parameters in the agonist and antagonist muscles, an 
equilibrium point which correctly positioned the limb in relation to 
the target. Final equilibrium was seen as a function of the passive 
elastic properties of the muscles in operation following a change in 
length or tension of the agonist or antagonist groups. 

This 'mass spring’ view of control has been criticised as it 
appears that muscle does not function according to the laws which 
govern the operation of normal springs, Houk (1976) demonstrated that 
the properties of muscles changed during movement and the critical 
variable in movement control was muscle stiffness, the function of 
length and tension. It would appear, however, that the motor system is 
capable by some means, of programming the end point of movements. 
Polit and Bizzi (1979) qualify this suggestion by proposing that the 
mechanism responsible for achieving final position must be paralled 
by a mechanism to control limb velocity, since movements acquiring the 
same target may differ in velocity. 

The results of Experiment One may be interpreted as lending 
support to this modular view of movement control, since subjects in 
each of the three movement conditions acquired the targets with equal 
accuracy but with many differences in other measured parameters of 
movement. This may be expected if the acquisition of a target involved 
the execution of a program, a major component of which was responsible 
for the accuracy of the movement or the acquisition of the end point. 

Combining this modular view of organization with a capacity 
view of the information processing system would suggest that as 


attentional demand of peripheral eyents increased then the capacity 
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available for the formulation of the response program would be 

reduced. Such conditions existed in Conditions One and Two of 

Experiment One. The observed differences in the accelerative and 
decelerative impulse magnitudes and durations and their associated 
variabilities, together with differences in moyement time and velocity 
may perhaps be attributed to differences in attentional demands of the 
tasks. Increased demands on attention result in incomplete or deficcient 
programming of certain response parameters due to decreased availability 
of processing capacity. 

The concept that attention is required during the initiation 
phase of movement has recently been forwarded by Norman and Shallice 
(1980). They proposed that the production of movement sequences often 
involved accessing a number of resources or schemas and that attentional 
control dictates the relevance given to a specific component schema. 

In terms of the first experiment it could be argued that a component 
schema representing the movement endpoint was given maximum activation 
in all three movement conditions and as a result, all three conditions 
resulted in equally accurate movements. The activation levels 
associated with other component schemas varied according to the overall 
attentional demand of the task. According to Norman and Shallice, 

in times of high attentional activity the activation levels for certain 
component schemas or parameters of those schemas may fall below 
threshold and as a result fail to be executed. At the moment of 
initiation of the movement the source schema representing the required 
act would be composed of all the parameters required to perform the 


act accurately and as many of the parameters for velocity as could be 
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fitted in the ayailable capacity. Increased capacity therefore leads 
to more complete programming. The addition of further parameters 
occurs in an orderly fashion. 

With reference to Experiment One, of particular interest is the 
comparison between Conditions One and Three (response to tone and self 
initiated). In both cases the required movement was identical and 
both were performed with equal accuracy. However, other measured 
parameters of the movements showed significant differences and it 
was proposed that these differences were due to the differential 
attentional demand at the initiation of the task, For movements 
requiring a planned change of direction, as in Condition Two, attention 
demanded was increased due to competition for processing capacity 
between the program controlling the movement out to the periphery 
and the program required to control the movement back to the target. 
However, the parameters resposible for accuracy of the movements are 
still given highest activation and the observed reduction in velocity 
is due to incomplete specification of velocity parameters, 

It appears therefore, that attention demands of tasks 
critically affect the construction of response programs which resulted 
in the observed differences in the measured parameters of the movements, 

In an earlier pilot study (Wilberg, Franks and Fishburne, note 2) 
results did not support a linear increase in effective target width 
with amplitude or movement time, Rather, subjects exhibited a bandwidth 
type of performance in that effective target widths could be maintained 
for a range of amplitudes and moyement times, Incerasing the velocity of 
a movement did not by necessity result in an increase in effective 


target width. The current investigation also demonstrated this 
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phenomenon. Interpretation of figures 6 (a) and (b) suggest that 

an increase in velocity from 50 to 100 cm per second or of amplitude 
from 10 to 20 cm was not associated with increased W, for any 
treatment condition. However, an increase in amplitude from 20 to 

40 cm and velocity from 100 to 150 cm per second resulted in a uniform 
increase in W, for all conditions, Whether similar plateaus would 

be observed at increased amplitudes and velocities cannot be deduced 
from the data available, The current study does support the opinion 
that effective target width is related to a measure of movement 
difficulty. The bandwidth behavior also gaye rise to the possibility 
that the difficulty of the movement is a perceptual phenomenon in 

that certain movements may have been perceived to be of equal difficulty 
even when the amplitude and velocity were increased. There was a 
possibility that the maximum information contained in a movement, 

the actual transmitted information and the perceived information 
differed and that perceived information is a more sensitive measure 

of task difficulty. Future experimentation may be directed towards 
this point and the application of Signal Detection Theory may offer 

a means of examining the question. 

Kerr (1977) reported the presence of a 51 Hz frequency movement 
component in the accelerometer trace of subjects performing rapid 
aiming movements. This component apparently became evident with practice 
and may haye been the result of learning. This was particularly true 
in movements with high terminal accuracy requirements. Although the 
current experiments did not speak to this point, future research 
may demonstrate that with practice the speed of reciprocal movements 


increases and this increase in speed is associated with the emergence 
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of the 51 Hz movement component. This is a proposition which the 
author feels deserves further attention. 

It reciprocal tasks, it has been suggested that many of the 
deficiencies in performance were related to the increased attentional 
demand of the peripheral target. Fitts (954) demonstrated increased 
information transmission as a result of practice in reciprocal tasks. 
Such an increase may be interpreted as being the result of a decrease 
in attention demanded at periphery related to a decrease in the 
uncertainty both in the position of the peripheral target and also 
in the subsequently required aiming movement, It would be expected, 
therefore, that time spent in the transition phase of the movement 
would be reduced as a function of learning. This may result in 
reciprocal performances approaching those of single aiming responses. 
A further study would examine the duration of the transition phase 
and changes in the duration of the phase with practice and its effect on 
the measured parameters of movement, 

The present experiments provided some eyidence to support the 
theory that the differential application of the Fitts' and Schmidt 
formulations be due to differential demands on the attentional 
mechanisms. The locus of attention demand in reciprocal tasks 
appeared to be at the points of reversal in movement direction. In 
situations subjects operate below the capacity of the information 
processing system the author believes that the Schmidt formulation 
may hold. When subjects operate beyond the capacity of the processing 


system results may fit the Fitts’ formulation. 
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(eWhs 


Fitts!eLaw 


The concept that the accuracy of rapid movements decreased with 
amplitude has been known for many ear ey Howeyers thetclose relation— 
ship between speed, amplitude and accuracy of movement received little 
attention from early workers in the field of motor performance. 
Woodworth (1899), was one of the earliest experimenters to emphasize 
the importance of this inter-relation. In a variety of simple motor 
tasks, performed with and without the aid of visual monitoring, 
Woodworth demonstrated that for quick, visually controlled movements, 
variable error increased with both amplitude and speed. Subsequently, 
industrial engineers advocated the use of small amplitude movements in 
assembly work on the grounds that the time required to complete a unit 
of work increases as a function of its amplitude as well as of the 
precision demanded by the task, (Maynard, Stegemerten and Schwab, 1948). 

Thetapplication ort information theory®to thevstudysoL sensory, 
perceptual and perceptual motor functions, allowed a more specific 


measureemnt of man's performance capacities, (Crossman, 1955; Hick, 


1952). Fitts (1954) extended the theory to embrace the human motor 


System. Fitts stated that the information capacity of the human motor 


system is specified by its ability to produce: "one class of movement 
from among several alternative movement classes" (p.381). Further: 
"The greater the number of alternative classes, the greater is the 
information capacity of a particular type of response." (p.381). 

From this, Fitts concluded that since measurable aspects of responses 


such as amplitude and force are continuous variables, information 
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capacity is limited only by the amount of variability that is 
characteristic of repeated attempts to produce the same response. 
therefore, the information capacity of the motor system can be 
assessed from measures of variability of responses which are meant to 
be uniform. 

Fitts' (1954) theory stated that, since the information 
transmission capacity of the motor system is fixed, it could be 
expected that if repetitive movements of average amplitude are 
"speeded up’ then each movement can provide less information and, 
therefore, movement variability will increase by a specified amount. 
Similarly, if the amplitude is increased then variability in the 
movement, and/or its duration, will also increase. Stating the 


specific hypothesis: 


"Tf the amplitude and tolerance limits of a task are 
controlled by E, and S is instructed to work at his 
maximum rate, then the average time per response will 
be directly proportional to the mimimum average amount 
of information per response demanded by the particular 
conditions of amplitude and tolerance." (p.383) 


Fitts tested the hypothesis using a number of tasks, including: 
a reciprocal tapping task; a disc transfer task and a pin transfer 
task. In all cases Fitts found that: ''The rate of performance of all 
the tasks studied increased uniformly as movement amplitude was 
decreased and as tolerance limits were extended." (p.387). 

In order to test the results against a prediction that the 


information output of the motor system in any task is relatively 
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constant over a range of amplitudes and accuracy requirements, Fitts 
formulated an index of difficulty which specified the minimum 
information required for Beoant cane each movement. Minimum 
organization is the specifying of one from several possible amplitudes 


within which the movement is to terminate. In binary notation:- 


NS eye W bits/response. CL) 
2A 
Where LDi=" index of, Ditficulty 
W = Tolerance range in inches 
A = Average amplitude 


The results of Fitts experiments confirmed that the movement 
time varied with task difficulty in such a way that ID was constant 
Over a wide range of amplitudes and tolerances. That is to say, that 
Movements of different amplitudes but of equal difficulty in terms of 
-information, are of approximately equal duration. The average time per 


movement, MT, was related to A and W by the following relation:- 
MT =at+tb log, 2A (2) 
W 


where a and b are empirically fitted regression parameters. 
According to the information theory interpretation, the 
slope parameter, b, is the inverse of the motor system processing 


rate channel capacity. In the previous studies of arm movements 
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b has been in the region of .100 bits/second. Fitts (1954) 
speculated that different limbs may show different information 
processing rates, Hanaaek} Langolf and Clark (1973) supported this 
showing an information processing rate of 20 bits/second for very 
small amplitude movements of the fingers and wrist. It was also 
Shown that the times for a variety of microminiature assembly tasks, 
performed under microscopes, were proportional to the index of 
difficulty, ID. In general, Fitts' Law has been shown to hold in 

a variety of experimental situations and across a broad perspective 
of populations (Kerr, 1973; Welford, Norris & Shock, 1969). 

Since the introduction of Fitts' Law there have been many 
attempts to modify the relationship to obtain more accurate 
descriptions of obtained data, but little or no improvement has 
resulted from this work. Welford (1960), using data from Fitts' (1954) 
reciprocal tapping task, formulated an equation which best fitted the 


data to a straight line:- 
MT) =£K, log! (A/Wi+ .5) (3) 


According to Welford: "This formulation makes movement time dependent 
upon a kind of Weber fraction in that the subject is called upon to 
distinguish between the distances to the far and near edges of the 
target." (p.147). Welford also identified situations in which 

the subject, did not use the full target width. Under these 
circumstances the subject is transmitting more information than that 


calculated by equation three since the effective target width is 
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narrower than the target. The narrowing of the target width, W, is 
reflected in a reduction in errors and, according to Welford, if 
this is allowed for then equation (3) holds reasonably well. 

Crossman (1957) described a method for correcting for errors 
based on the fact that the information in a normal distribution 
is given by: log, (2E), where is the standard deviation of the 
distribution. Since (2E) = 4.133 and plus or minus one half of this 
includes approximately 96% of the distribution, Crossman argues 
that if approximately 4% of shots fall outside the target that log, W 
is an accurate representation of the information contained in the 
distribution of shots. Also, if errors exceed 4% then the ‘effective 


target width', W is greater than W and, if errors are less than 


e? 
4%, W. is less than W. Welford (1968) showed that Fitts" data, 
as plotted using equation (3) and corrected for errors using 
the Crossman method closely approximated a straight line passing 
through the origin. 

Numerous experiments have produced results which are in 
striking agreement with Fitts. Knight and Dagnall (1967), using 
a task in which subjects had to align a pointer alternately between 
two targets, obtained results which closely fitted equations(3); 
Fitts and Peterson (1964) obtained results closely fitting equation 
(3) for 'single movements' carried out after a separate signal to 
move. Fitts and Radford (1966) demonstrated that accuracy improved 
as time taken to complete the movement increased, however, it was 
not affected by time taken to prepare, and the rate of gain of 


information was little affected whether the instructions were for 
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speed or accuracy. 


Theories Accounting for Fitts' Law 


The most widely accepted explanation for the phenomenon 
described by Fitts was that presented by Crossman and Goodeve (1963), 
and later represented by Keele (1968). The theory is based on two 
assumptions: (a) that the subject is able to detect errors in 
movement and subsequently issue corrections; and (b) that the initial 
movement and subsequent corrections have a fixed relative accuracy. 
Crossman and Goodeve demonstrated that movements were not smooth 
but showed evidence of acceleration and deceleration with fixed 
periodicity, suggesting that movements consisted of a series of 
impulses, taking approximately the same time, but differing in 
velocity. The first movement may, for example, cover half the distance 
to be covered, the second the next quarter, and the next the next 
eighth, and so on. This explanation emphasizes feedback control 
in rapid movements with limitation in movement speed being defined 
by the number of corrections the subject must make to acquire the 
target. Using this argument, Keele (1968) has shown that Fitts' Law 
can be derived mathematically. 

Findings from research examining movement patterns are equivocal, 
showing that movement corrections may (Annett, Golby & Kay, 1958; 
Brown & Slater-Hammel, 1949) or may not (Langolf, Chaffin & Foulke. 
1976) take place in aiming responses. 


The Crossman - Goodeve theory has, however, come in for much 
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criticism on a number of counts. Logically it can be seen that 
correcting for errors in response selection would take at least one 
reaction time to perform since a new temporal-spatial pattern of 
movement needs to be intitated. This would take between 120 and 200 
msecs. Schmidt, Zelaznick, Hawkins, Frank and Quinn (1979), suggest 
that such corrections may, in fact, take longer than one reaction 
time. 

The Crossman-Goodeve theory assumes a correction every 200 msecs. 
with the first coming 200 msecs. after the initiation of the movement. 
Schmidt et al. (1979) suggest that if the first correction appears 
200 msecs. after initiation of the movement, and the reaction time for 
the correction is 200 msecs., then the error must have been detected 


prior to or at the moment movement was initiated. 


"Logically it would seem that some initial portion of 
the movement must be carried out before the system 
could detect that the movement was in error." (Schmidt 
Ctwal ee OOS Dro.) 


By this arguement it would appear that the first correction could not 
occur 200 msecs. after the error was detected and the actual time of 
correction would, perhaps, be nearer 300 msecs. after the movement 
was initiated. 

Furthermore, the Crossman-Goodeve (1963) model holds that 
corrections are required in a movement. Langolf (1973) has noted, 
however, that microscopic movements show little evidence of 
corrections, perhaps because they are programmed correctly from the 


start. Schmidt et al. (1979), regard the neccesity for corrections in 
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a movement, and the failure to account for movements requiring no 
corrections, as a conceptual weakness of the model. 

Another interesting objection arises from the work of Hick (1952) 
examining choice reaction time tasks. The suggested time for a single 
correction of 200 msecs. assumes a simple reaction time where the 
number of possible errors which can occur in the movement is reduced 
to one. This is obviously not the case, as the number of possible 
errors greatly exceeds one and the situation is, therefore, one of 
choice reaction time. Therefore the suggested time for correction of 


200 msec would seem to underestimate the time required for a 


COBEeECtaOn. 


The Psychological Refractory Period. 


The psychological refractory period (PRP), the delay in 
responding to a stimulus while another is being processed, was first 
reported by Welford (1952). In accounting for the phenomenon Welford 
proposed that: 

1. All input and output streams are controlled by a common 

processor, and 

2. The processor acts sequentially on current inputs, rather 

than simultaneously. 

With regard to the Crossman-Goodeve theory, it would appear 
unlikely, in the light of PRP, that responses to two closely following 
feedback stimuli could occur within the suggested 200 msecs., since 


processing of the second stimulus could not occur until a response to 
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the first had been made. Even assuming the parallel processing model 
of McCleod (977), which would allow processing of the second feedback 
stimulus along with the first, a decrement in response to the first 
stimulus would be noted. In neither case could processing and 


response be completed within 200 msec. 


Systems Models 


Langolf et al (1976) present the Crossman-Goodeye theory as 
representing a first order system response. A second order 
underdamped system is also shown to settle according to Fitts' law, 
(see figure below), and it was proposed that further linear control 


systems models have outputs obeying Fitts' law. 


TIME 


Representation of second order underdamped system from 
bancoleletealncl9/6,. p.llo)). 
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An examination of a wide range of amplitudes using the Fitts' 
reciprocal tapping task was made in order to confirm the 
applicability of control systems models to Fitts' law. Under large 


amplitudes it was found that:- 


",..linear control models are untenable explanations of 


Fitts' law. The human trajectories are obviously non- 
linear. For all linear models discussed, decreasing the 
terminal tolerance W simply has the effect of adding 
more settling time to the same basic movement trajectory. 
However.... changing the tolerance has the effect of 
completely altering the human's movement trajectory. 

In particular the Crossman-Goodeve and Keele constant 
time, constant accuracy discrete corrections models 
specified that the movement shouldon the average achieve 
a given deviation from target center (P A) after each 
discrete correction n at time nt. Thus the discrete 
corrections model must generally show the same rate of 
progress toward target center regardless of terminal 
tolerance W. Therefore, if a discrete correction mechanism 
is present (but masked by inertia), then in order to 
produce the varied trajectories of figure 12, the time 
per correction (t) and/or relative accuracy (P) must 
change as a function of tolerance demands (W). The 

real explanation of Fitts' law in terms of method of 
human control must be more complex and non-linear." 


Langolf et al. (1976) found that larger amplitude movements did not 

show evidence of break points indicating a discrete correction process. 

Decreasing the tolerance, W, merely had the effect of progressively 

decreasing the velocity of the movement in approaching the target. 
Based on experimental evidence that the hand slows down as 

it approaches a target (Peters & Wenborne, 1936; Taylor, 1947; 

Edwards, 1965) Howarth, Beggs and Bawden (1971) proposed an 

intermittent feedback theory for the control of aiming movements. 

Howarth and Beggs (1970) proposed the existance of a visually 


mediated intermittent correction mechanism since removal of visual 
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feedback when the hand is close to the target has little effect 
on terminal accuracy. This was only the case if there was less 
than one corrective reaction time between remoyal of feedback and 
the hand reaching the target. The theory proposed that the error on 
target was related to the velocity of the hand during the terminal 
phases of the movements being made at different speeds. Howarth et al. 
(1971) provide evidence to support this theory for slow movements. 
Beggs and Howarth (1972) provide further eyidence to support the 
theory that the error on target is proportional to the distance away 
at which the last correction was applied. 

This theory, however, falls prey to the same criticism as the 
Crossman-Goodeve theory of movement control in that it can not account 


for movements which are completed within one corrective reaction time. 


Alternative Theories 


Motor Output Yariability 


The previously reviewed theory was based on the subject's 
ability to process feedback information and to make corrections based 
on this information. Schmidt, Zelaznick and Frank (1978) suggest that 
researchers have consistently disregarded the possibility that the 
output of the human muscular system is contaminated by "noise" (within 
subject variability) and that this variability is related to the 
parameters of the moyement, i.e., amplitude and speed. According to 
Schmidt et al. (1978) central to both theories is the notion of the 


motor program, which can be described as a set of prestructured motor 
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commands, which, when executed, will complete a moyement without 
inyolving peripheral feedback. Schmidt et al (1979), proposing the 
theory of motor output variability, suggested that if movements can 
be structured in advance, then errors contained in the program, or in 
the recruitment of motor units involved in its execution, cannot be 
corrected until the program has been completed. 

Byidencesis’ cited*by Schmidt et al (1979), from the areas of 
neurosciences (Brooks, 1974) and motor behaviour (Pew, 1974; Schmidt, 
1975, 1976) to support the notion that movement control, especially in 
rapid movements, is carried out via the motor program. Shapiro (1977) 
even suggests that motor programs may control movements of duration as 
long as 1300 msecs. 

The basic premise of the theory of output variability is that 
the variability in horizontal distance travelled (effective target 
width, W, ) in an aiming movement is proportional to the within subject 
variability of the velocity after the end of acceleration. Since the 
velocity of a movement is proportional to the magnitude of the 
accelerative impulse, the variability in velocity is, consequently, 
proportional to variability in impulse force and the variability 
in) timewover! which the apes is’ acting. As a result’ the theory 
proposes that the effective target width, Wo» is proportional to 
the variability in impulse force and impulse duration. 

Schmidt et al. (1979) derived the following proportionalities:- 

1. Effective target width and amplitude are proportional. 

2. Impulse variability and movement time are inyersely 


proportional such that Oo Impulse 1/MT2 
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3. Citing Michon (967) who demonstrated that the longer 
an interyal of time to be metered, the larger the variability 
in metering, Schmidt et al proposed a relationship between 
impulse duration and movement time. Further, assuming a constant 
force amplitude, that © Impulse « MT. 
4. Combining (2) and (3) Schmidt et al. propose that: 
Impulse =< 1/MT 
5. Combining (4) and (1) gives the basic statement of the 


model:-— We « ]/MT 


"The clear implication of this model is that as one asks 

the subject to move farther or faster, the subject 

does so with greater noise in his force- and time- 
production mechanisms, resulting in greater error in 
reaching the aimed for target."' (Schmidt et al., 1979, p.194) 


Schmidt et al propose that this notion of speed accuracy 


trade-off fits well with Fitts’ equation, since it suggests that 


as the subject attempts to move faster he/she will make more 


errors’. 


"Thus the present theory sees the limitation in the 
subject's movement time as an indirect result of his 
inability to be accurate because of variability in the 
force production and time-production mechanisms; this 
is quite different from the Crossman-Goodeve (note 1) 
model, which suggests that the limitation in movement 
time is the number of corrections the subject must make 
iiearrivine at the end point.’ (p. 195) 


This is the Impulse Timing view of motor control. 
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Feedback in Motor Programming 


Before presenting experimental evidence accumulated by Schmidt 
et al to support the motor output variability theory; it is intended 
to review the feedback versus motor programming controversy. 

Klapp (1975) suggests that, in a choice reaction time experiment, 
the signal to respond informs the subject which of a set of possible 
responses is to be made. During the reaction time interval several 
processes may occur, of which interpretation of the signal, and 
programming or preparation of a response are two. Henry et al., (1960) 
and Klapp (1974), have suggested that when the number of alternative 
responses is kept constant, then increases in reaction time as a 
function of response parameters may be interpreted as reflecting 
changes in the time required to generate the response program. 

Klapp (1975)-;"argues that, in the Fitts’ and Peterson (964) 
paradigm, if reaction time reflects response programming, then choice 
reaction time should increase as the precision required is increased 
by reducing the size of the target. However, Ells (1973) demonstrated 


that this was not the case. Klapp (1975) goes on to say: 


"Although movement time, measured from the moment the 
stylus leaves the rest position until target contact 
occurs, depended on both target size and movement length, 
reaction time was independent of these parameters. This 
negative result may mean that the response is under 
feedback control rather than programmed in advance." 

(p. 147) 
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It was stated earlier that research findings concerning the 
question of corrections were equivocal. Klapp (975) proposes that 
in long, accurately terminated neg erenet the whole moyement may not 
be programmed in advance, accounting for tke independence between 
reaction time and parameters of the movement. Short movements, which 
may Bot display corrections (Langolf et al, 1976), could be programmed 
in advance. If this were the case then more complex responses would 
require longer programming, leading to the observation of increased 
reaction time as required precision for short movements increases. 

In a single aiming movement, Klapp (1975) demonstrated that the 
relationship between amplitude and the log, of target width appeared 
to be linear for long movements but not for short movements. This, 
for short movements, represented a departure from Fitts' Law. This 


ee Short 


departure, according to Klapp (1975) suggests that; 
movements are programmed ahead of time and executed ballistically. On 
the other hand, Fitts Law should and does hold for long movements 
which are under feedback control according to the present analysis." 
(p. 150). This analysis would seem to parallel that suggested by 
Schmidt et al (1978, 1979) in the theory of motor output variability. 
Further, Klapp (1975), demonstrated a linear relationship between 
reaction time and target width for short movements, such that reaction 
time increased as target width decreased indicating a longer processing 
time for more precise movements. 

Klapp (1975) contended that long moyements were under feedback 


control while short movements were programmed in advance. In a second 


experiment, in which visual feedback was disrupted by turning out 
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illumination, it was found that long moyements were totally disrupted, 
while for short moyements reasonable accuracy was maintained. 

Schmidt and M°Gown (1980) regard the controversy concerning the 
locus of movement control as one of the most persistent in the field 
of motor behaviour, Peripheralists posit that movement is controlled 
by some combination of feedback from the responding limbs, the visual 
and auditory systems and the yestibular systems. This position takes 
two basic forms; 

1. A stimulus response chaining hypothesis, James (1980), 

which suggests that successive responses are elicited by 

successive cues in the enyironment. Entire skills can be 
executed in response to a starting stimulus, in the absence of 
other external stimuli, since each succeeding response is 
elicited by the pattern of internal stimuli from the preceding 

response (Greenwald, 1970). 

2. Adams’ (1971) closed-loop hypothesis which proposes that 

feedback is compared to some stored referent which represents 

correct performance. Errors are determined as deyiations from 
the referent and corrections are issued on this basis. 

Centralist theory, conversely, as developed by Henry (1960) and 
Fitts (1964), emphasizes a central process that is not dependent upon 
sensory monitoring. Keele (1968) states that a motor program can be 
viewed as: 

" ¥.a set of muscle commands that are structured before a 


movement sequence begins and that allows the entire sequence 
to be carried out uninfluenced by peripheral feedback." (p. 387) 
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The central control hypothesis proposes, therefore, that skilled 
movements are organized and initiated by some central control 
process. Knowledge of movement does not depend on the monitoring 
of afferent input. 

One argument against stimulus-response chaining theory 
involves the rate of processing of feedback information. Lashley 
(1951) suggested that this processing was too slow to account for 
rapid sequences of movements such as finger movements in piano 
playing. Keele (1968) and Glencross (1975) report the time taken 
to react to kinesthetic information is in excess of 100 msecs , 
while Keele and Posner (1968) increase this time to between 190 
and 260 msecs for visual feedback information. Furthermore, in the 
complex skill situation, which usually involves perceptual and 
response uncertainty, Glencross (1977) suggests the shortest 
interval of intermittent functioning is at least 300 msecs. 

Pew (1966), in a task which involved the repositioning of a 
constantly moving visual target by alternately pressing response 
keys, demonstrated a change in strategy from feedback dependent 
pattern early in practice to control by motor program. Early responses 
were made only after delays in which feedback information about the 
effectiveness of response was assessed. Later in practice, however, 
subjects responded rapidly, indicating less dependency on continuous 
monitoring of sensory feedback and instead, the control of response 
sequences rather than single units. 

Speech, a complex, serially organized skill, shows evidence 


of central control. Lenneberg (1967) states: 
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"Thus we gather that the rate at which individual 
muscular eyents occur (throughout the speech apparatus) 
is of an order of magnitude several hundred events 
every second. It is evident that the activation of so 
many muscles in such a short time span cannot depend 


upon volition alone. There must be some automations - 
whole trains of events that are programmed and run off 


automatically." (p. 92). 


Support of this theory and evidence of 'tone units' in speech is 
given by Boomer (1965) and Laver (1970). 

The most persuasive evidence in favour of central processing 
comes from the studies of deafferentation in which kinesthetic 
feedback is prevented in animals by surgically cutting dorsal roots 
which supply afferent feedback to the central nervous system. 

Keele and Summers (1975) suggest that if skill can proceed without 
kinesthesis then stimulus-response chaining, which depends on 
kinesthetic feedback, cannot explain the sequencing of the skill. 

The most impressive experiments of this nature involved the 
the elimination of sensory feedback in the rhesus monkey. Taub and 
Berman (1968) repeated the experiments of Mott and Sherrington (1895) 
by surgically severing the dorsal roots supplying afferent input 
from one of a monkey's front legs. This procedure, therefore, 
eliminated sensory feedback without affecting efferent input to the 
muscles. Mott and Sherrington (1895) observed that the monkey failed 
to use the deafferented limb, which lent support to the stimulus- 
response chaining theory of movement control. However, Taub and 
Berman (1968), after restraining the normal limb, demonstrated 


that the monkey could, in fact, use the deafferented limb. 
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Furthermore, when both limbs were deafferented: 


:...the animals were able to use the limbs rhythmically 
and in excellent coordination with the hind limbs 
during slow and even moderately fast ambulation." (p. 177) 


Taub and Berman (1973) have further shown that monkeys deafferented 
and visually blocked soon after birth learn to walk, suggesting that 
sequencing of movements in walking is not dependent on normal 
feedback. 

Criticism of the Taub and Berman technique centers around 
the question of total elimination of sensory feedback. Taub and 
Berman showed that no cortical responses occured when nerve ends 
in a deafferented limb were stimulated. However, Bossom (1974), 
suggested that some afferent fibers may enter the spinal cord through 
the ventral root and, therefore, escape severing in dorsal root 
cutting. Some reservation must, therefore, exist with regard to these 
results. 

More significantly, perhaps, is the emphasis Taub and 
Berman placed on the ability of the deafferented monkeys to perform 
gross movements. Bossom (1974) reported that these movements were 
produced without elegance, suggesting that gross movements can be 
performed in the absence of sensory feedback but fine motor skills 
such as manipulative skills, can not. 

Ischemic nerve block techniques have been employed in studies 
of human movement in an attempt to block afferent sensory information. 


Of importance in this technique ts the differential effect on 
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86. 
sensory and motor systems. Loss of sensory information occurs much 
sooner than loss of muscular power (Magladery, McDougal & Stoll, 1950). 
Laszlo (1966, 1967, 1968) in a number of studies has shown gross 
impairment of performance as a result of ischemic blockage. 

However, Glencross and Oldfield (1975) raise objections to the ischemic 
nerve block technique by demonstrating gross motor impairment due to 
the cuff and also the presence of some sensory information arising 


distal to the. cuff..Glencross.(1977).states- that; 


"Consequently, the motor deficit observed following 
ischemic nerve block is not solely the result of blocked 
kinesthetic sensation, and thus its relevance to the 
issue of central versus peripheral control of movement 
cannot be directly assessed." (p. 21) 


Evidence has been presented, therefore, which would suggest 
some combined or integrated use of central and feedback processes 
in the organization and performance of movements. 

Philips, Powell and Wiesendanger (1971) demonstrated that 
positional information from the eyes arises from the receptors in 
the extraocular muscles. Skavenski (1975) demonstrated that feedback 
control is important in control of eye movement, concluding that: 

" these inflow signals are acceesible to the occulomotor system for 
the control of eye position." (p. 225). Also, Provins (1957) 
demonstrated that blocking sensory information by anaesthetizing the 
metacarpal-phalangeal joint, resulted in impairment in reproducing 


pressure by flexion. 


Further support for the theory comes from the study of effects 
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Oy. 
of delayed and augmented feedback. Smith (1962) in a review, 
presents evidence of jerky, uncoordinated movements as the result of 
delayed visual feedback. Glencross (1975) reports that augmented 
feedback, when closely related to the task, enhances performance. 

This treatment has seen feedback control and motor programming 
as mutually exclusive modes of control. However, each theory is seen 
to be deficient to some extent and the possibility that some 
integrated control mechanism must exist as the means of coordinating 


™,.-that for a central 


skilled movement. Glencross (1975) suggests: 
control process (e.g. a motor program ) to be fully effective, it 
must be integrated with peripheral sensory information at some stage." 


(pe2o)4 


This possibility will be discussed later in the chapter. 


Evidence For The Theory Of 
Motor Output Variability 


Schmidt et al.(1978, 1979) conducted a number of experiments 
in an attempt to confirm the relationships stated earlier in this 
chapter. Since these are the basis of the theory of motor output 
variability, a review of these experiments is felt to be in order. 
The most important relationships proposed were that variability 
in force produced was proportional to the force produced, and 
that the within subject variability in impulse duration is 
proportional to the impulse duration. These variabilities in force 


and time could be introduced into the system in two distinct ways. 
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Either, they could be caused by the subject changing the goal of 
the response from trial to trial, variability thereby being due to 
changes in what was programmed. Or, the subject may repeat the same 
program over and over and variability is introduced as noise 
downstream from the program, causing different outputs for different 
trials. In testing the proposed proportionalities, Schmidt et al. 
(1978, 1979) attempted to have the subject repeat the same movement 

every trial, thus eliminating the possibility of variability due 


to choosing different responses. 


Variability in Force 
Using a fixed lever and attached strain gauge subjects exerted 
force in order to shoot a dot across an oscilloscope screen to a 


target. This was done in time with a metronome set at one response 


per 800 msecs. Force required was varied and a strong linear 
relationship between the within subject variability in force and 
the amount of force produced was observed over a wide range of 
forces. Also, a strong linear relationship between impulse duration 
and movement time was apparent and this relationship appeared to 


be a proportional one. 


Amplitude 


If the amplitude of a movement were doubled, however, the 
movement time remains constant, Schmidt et al argue that the velocity 
at the end of acceleration must be twice as large. Impulse for 


acceleration can only be doubled by increasing force, and variability 


_ oe ate? yet 296 an 


seltol- an byob aa 


Hosted 18% dauqie  Syanaviak sdsuin « 


te is dolexioe 


‘im@eves Wie $1) JEN ERs 4 35h i 


sun -"2ibdelwr Yo viet boraeeq as! 


hejtgens wisdiane eevee mieyt2 


5. @? naa'esd, opededlitve 


senrceaaT 2h0 J8 236 Sheno74 


TAS0tL ghorte 


hon sate? ot yrrhtceria’ 


to onrrat shew 2 29Ve 


cotismd “s Suge Neattad yh 


63 Deinecas Gitano! selors 
7 i 


: _ 
aig 2 yin 
a 


hat 


: os Bee 


i 


, aa “O74 me % tw at 


Pe 
On Ls ’ ey 2849 ts ave ” ~~ ey 


seria Pissoisioyery brehyo lg wat er isess * 2. fers? 


evr I 


r2nJlge a | LRT RELS: jak aoc ie o3 


: Bat vaeel bexl? @ goled Ls 


‘ 
» pata vt amok omy efa7 .gs 
b his Galzsy cow, toxiupes soto .Gosem 008 reg 
atd¢fu of eroewoed stlenotie (oT 


pavanady dev Pasybary ‘aeted Ro Anvoms 
~ - ¢ 


adi nites Jara aes caw oak) Daqoeved 


ads ; iaerene 7 ore sai bisa to hws 
Y: jie 7" ™ pends 


oe 
ue Tce Ue ede mes? « rdacr ish- 3 


ww 
~~ 


>) Seigeerse (eran 008 


e > 


ee teu eT wala ler ave ©) 


- = 
pogod at ailid uaad 


ant 
2 <¢th «a Seat of sabre fit § at 


mankl growe @ ooth .96970 
» - a 7 7 
; fl 


srveqerq a ~ 


seu Lase 


89. 
of force is proportional to the amount of force produced. Since 
variability in the impulse is proportional to the effective target 
width then it follows that: 

W. « Amplitude 
Movement Time 
Assuming no variability in the duration of an impulse, halving 
the movement time for a fixed amplitude movement requires the 
impulse to increase four fold. Extrapolating from this it can be 
seen that variability in the impulse will be inversely proportional 
to the square of the movement time (MT); 
Impulse « 1/MT2 
Since, however, variability in length of impulse is 
proportional to impulse duration and therefore movement time, then 
the variability in the impulse is proportional to the movement time; 
Impulse <« MT 
Combining these effects it can be oe that the impulse variability 
is proportional to 1/MT and hence: 


Wa <el/MI 


e 


Amplitude and Movement Time 


Since We is directly proportional to amplitude and inversely 


proportional to movement time, then: 


W, « A/MT 
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This is the basic statement of the Schmidt et al (1978, 1979) 
model, which relates the three variables of movement time, amplitude 


and movement accuracy in a single expression. 


The Single Aiming Paradigm 


Schmidt et al (1979) conducted a number of experiments using 
a single aiming paradigm. The technique involved manipulating 
amplitude and the movement time allowed and measuring the resultant 
effective target width. For long movement times (up to 500 msecs ) 
the relationship: W, « A/MT did not hold, however Schmidt et al 
cite Keele and Posner (1968) who found that visually based corrections 
are possible with aiming responses as short as 260 msecs. For 
short duration movements (less than 200 msecs ), however, a strong 
linear relationship between A and MT was found, lending strong 
support to the model. However, the relationship was not proportional, 
a finding partly attributed to error in measurement and also noise 


in the motor system not related to the task being performed. 


The Locus of Variability 


Schmidt et al (1979) approach the question of variability 
by assessing the variability added during the various processes 
contributing to movement. For example, variability may be added 
as a result of selecting an inappropriate program. However, in a 
single aiming movement this variability is small since there is little 
uncertainty about what to do in aiming at the target. Another source 


of variability is seen as noise, which is added downstream from 
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parameter selection. Burke and Edgerton (1975) suggest, in 
physiological terms, that noise might exist in terms of how the 
neuronal information to the motor neuron pool in the spinal cord 
becomes translated into the activation of a certain number of motor 
units, which ultimately determines the amount of force produced. 
Based on the findings of Kelso, Southard and Goodman (1979a, 
1979b), which demonstrated that simultaneous left and right hand 
aiming responses had similar kinematic properties, Schmidt et al 
(1979) examined a two handed paradigm in an attempt to isolate the 
invariant features of the motor program. For example Kelso et al 
(1979a, 1979b) found that subjects could move the hands simultaneously 
different heights or distances, suggesting that these features were 
not invariant. However, they could not move the hands with different 
movement times, suggesting that this was common to the two hands, and 
an invariant feature of the movment determined by the motor program. 


Losveally, Schmidt et al, (1979) argue that: 


"Whatever these common paramameters might be, 
variability in their selection will be evident 
in the behaviour of both hands." 


Using a two handed aiming task Schmidt (1979) reports that for 
movement time 69% of the variability in movement times was due to 
program or common parameter selection and only 31% associated with 
subsequent factors, (based on between hands correlations). For 


spatial measures of accuracy, however, only 14 of the variability 


could be associated with program selection. Schmidt concludes that: 
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2% 
"Very little of the variability in the spatial 
aspects of a single aiming response is associated 
with variability in program selection; rather; the 
variability appears to be caused by variability in 
the particular parameter selection or in motor unit 
recruitment. Locating the exact source of this latter 


variability could have important implications in 
understanding motor behaviour." (p.433) 


Schmidt et al (1979) extend the theory of impulse variability 
and programmed motor control to apply to motor responses other than 
hitting a target. In a rapid timing rask Schmidt reports that the 
variable error for timing is essentially unrelated to the amplitude 
of the movement and directly related to the movement duration, (except 
for very small movement velocities). These results are also supported 
by Newell et al (1979). 

In the reciprocal tapping task Schmidt reports correlations 
ranging from .67 to .84 for individual subjects between effective 


target width and impulse force. 


"This result provided some support for the idea that 
the impulse variability is a major determiner of W, 
in the reciprocal-movement task." (p.440) 


Senmidteetuale (1979) seo on to reports that: 


"We have shown that the variability in movement 
endpoints (We) is linearly and directly related 
to the movement amplitude, independent of the 

movement time and independent of the mass to be 


moved." (p.446) 


However, with movement times in excess of 200 msecs. SChitdd becuse. 
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suggest that their model does not account very well for the effects 

of amplitude and movement time, which are accommodated well by Fitts' 
Law. Subsequently it is suggested that Fitts' Law, which is deriveable 
from the principles of feedback (Crossman and Goodeve, 1963; Keele, 
1968) might account for slower responses while the Schmidt et al (1979) 
theory of motor output variability is more effective for movements of 
less than 200 msecs. However, Schmidt contends that the Fitts' Law 
may hold when the subject is attending to the movement. With 
movements not requiring the subjects attention it is possible that 


Schmidt's theory may hold even for slower moves. 


"We prefer to argue that when subjects make a programmed 
movement in everyday settings, they do in fact determine 
the distance and movement time in advance, with the 
movement accuracy being the result of these choices." 
(p.448) 


Schmidt et al (1980) propose that the human operator is able to 
switch between controlled modes of action and actions based on motor 
programming on the basis of available processing capacity, and the 
attention demands of a particular situation. Schmidt suggests that 
subjects adopt feedback control when no other actions are present or 
the actions require little attention, since the 'cost' of allocating 
attention is no problem. However, when attentional demands are high, 
Schmidt suggests subjects abandon the costly feedback-based mode of 
control in favour of a pre-programmed mode. 

The evidence presented by Schmidt et al (1978, 1979) could be 


interpreted as supporting a model of behaviour in wich, et Or rapid 


ges ae : iP ne 
echt eis wa y J vq ' ‘re pag ye - 
- oes awe 
cOCety tn ue votintsd ald Ul ” Aasate 15 wos aitgtes (89RT 


w 
ia > 


Is seqewre ve? NE, ieee ot lain dunn torom Io © 
wad “agp? 4a! we sbispaaes abzou4 {fern ee _— 


a UL a OL iiaeb a? “Liehiam wa ont | of ear 

a 
sae eI weng Bt WE dotinatse hash [iin hy woh tp Jon: an a0 
: Cs a 


eevee, vaysle tet cows Phin yew ¢teod? 2’ atmriae 


’ 
wr iyria » wim npr a Tits gts a2 aaleTg ou 7 
uplaskrals tee HY eo Mad> nalraas ve gab ets ab roansvos 7 * 
ms wily vaste’ Ak oul) *eykeehed hae eneeseth sets ~ 
 wethoio/aeeds ey Shenoy ait gated ceases rpetaven 


eens tis . 
hn 


at sits et vosnieg@ new! ah) twig asogete (Weel) te te shkasie - 


eadoa au Saunt onotise ard fori ts. aspey net Le ttaws -omewded a 
a 


' 64 


yds tate! extagen ayn vionbacip te oresd oft fo gala 
Jans anuoggue 1HPMAGe: sah earth tntasts AiG # 26 ohnamab ¢ 76 
te neert) Oe settse ails im ‘nasa henirliaeii Hy tuet inet a ‘ 
gataedetdaets ‘tay’ old) parila haratestin stiatl oxlepss 


elghd Gia afrenrsh ace fai, yxavewed .weldoiry, 6m at jokdnsasa 


ns 
Da — | ph 


94. 


movements, the subject executes motor programs and variability around 
the target is due to 'noise' in the motor system. For longer duration 
movements feedback control is adopted, and noise in the system can, 
therefore, be corrected for, resulting in less variability around the 
target. Schmidt's model, therefore, proposes a trade-off between 
accuracy and attentional demand of a task. 

This theory is logically appealing but it does not account for 
one area of experimental evidence. When ballistic aiming movements 
are performed, i.e. less than 200 msecs. in duration, there is 
insufficient time for feedback loops to operate for ongoing control 
purposes. The movements, however are still performed smoothly, and 
with precision (Glencross, 1973, 1974). When feedback is blocked or 
distorted, the fine grading of movement and its temporal precision are 
lost, e.g. Bossom (1974). It would appear, therefore, that in order 
for a central control process (a motor program) to be executed 
efficiently it must be integrated in some way with peripheral sensory 
information. Schmidt et al (1980) propose a switching mechanism based 
on attentional demand, which does not call for the completely 
integrated system that is apparently in operation. 

To this end Glencross (1977) proposed a two stage integrated 
model. The first stage, or executive control system, is feedback 
dependent and is based on an analysis of th input and the relation 
of the signal to the response. The second stage consists of a 
motor program which once initiated will run its full course 


without intervention. 


This theory can also account for attentional demand, since 
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aD: 
the executive system can combine predictable sequences of action and 
form larger units of action. In ballistic movements it is proposed 
that the single channel mechanism can operate directly through the 
motor program, that is to say, no time is spent in routine analysis 
by the executive system. 


This proposition is well stated by Adams (1976): 


"This is a compromise hypothesis which seems very 

difficult to test. It is insufficient to show that either 
the motor program or feedback are governing agents for 
movement (the issue which is at the center of our scientific 
eye at the moment). Rather it must be shown that both 

the motor program and feedback are operating and also, 

the circumstances of their interaction must be 
demonstrated." (p. 99) 


Other Theories of The Locus of Variability 


Evidence From Neurophysiology 


Bizzi, Polit and Morasso (1976) conducted research aimed 
at understanding some of the mechanisms whereby the central nervous 
system terminates a given phase in a motor sequence and maintains 
a newly acquired position. Using normal, intact monkeys and 
deafferented monkeys, Bizzi et al. (1976) investigated the extent to 
which the termination of a centrally initiated head moyement 
(coordinated eye-head response to the unexpected appearance of a 
stimulus in the animal's visual field), and the subsequent maintenance 
of posture, depended on the proprioceptive afferent input generated 
during the movement itself or, instead, the central programming of 


the movement. 


Using vestibulectomized but otherwise intact monkeys, load 
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disturbances were applied unexpectedly at the beginning and 
throughout centrally initiated head movements. The aim was to 
provoke a proprioceptive response in all types of neck receptors and 
to observe the outcome of this stimulation on the final head position. 
In a second set of experiments the afferent input was interrupted 
by cutting servical and thoracic dorsal roots and observing how the 
absence of proprioceptive feedback affected final head position. 

Results indicated that final head position was determined 
by a central pattern of neural impulses which was programmed and 
was not reset by afferent proprioceptive impulses generated during 
the movement. Furthermore, Bizzi et al. (1976) provided evidence 
to support the theory that final position is an equilibrium point 
dependent on the firing rate and recruitment of motor neurons, the 
length tension properties of the muscles involved and the passive 
elastic properties of external loads. 

This work cast doubt on the role of proprioceptive feedback 
in the control of movement endpoints and also re-emphasized the role 
of length tesion properties of the opposing muscle groups in 
determining the position of the limb in which torques in the two 
directions about the joint are equal. This idea was first posited 
by Crossman and Goodeve (1963) and termed the "mass-spring" view of 
motor control. It was later studied independently by Asatryan and 
Fel'dman (1965) and Fel'dman (1966a, 1966b). 

Further work by Bizzi et al. (1978) has demonstrated that 
corrective responses to unexpected loading of muscles during a movement 


are only in small part due to reflexive activity. It would appear 
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that the majority of corrective action is due to the mechanical 


properties of the muscle itself. 


",.showed that during the first 200msecs., the contribution 
of the neural component relative to the applied disturbance 
ranged from 10 to 30% of full compensation in deafferented 
animals and that a significant proportion (from 20 to 40%) 

of the total compensation was due to the intrinsic 
mechanical properties of the musculature." (Bizzi et al. 1978 
ig, SSE y 


Possibly the most important work conducted by Bizzi and Polit 
(1979) examined the processes controling arm movements. Bizzi et al. 
examined normal, intact monkeys and monkeys with bilateral dorsal 
rhizotomy, (C2 - T3) performing forearm positioning tasks. In both 
cases the pointing tasks were performed without sight’ of the arm. 
During the experiments the arms were unexpectedly displaced prior to 
initiation of the movements. The intact monkeys were able to move 
accurately to the target. Similarly, this procedure yielded 
qualitatively the same results in deafferented monkeys. Bizzi et al 
(1979) suggest that these results can be explained by postulating that 
the motor program specifies, through the selection of a set of length 
tension properties in agonist and antagonist muscles, an equilibrium 
point between these two sets of muscles that correctly positions the 
arm in relation to the visual target. 

The position is qualified by the suggestion that this process 
must be accompanied by a mechanism controlling arm velocity. Also, 
the mechanism by which the described process is intitated is still 


unknown. Bizzi et al (1979) state that; 
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"The postulated independence of the processes 
controlling velocity, indicates that a number of 
parallel processes underlie arm movement, and that 
motor control may be thought to be organised in a 
modular fashion." (p.193) 


Results also demonstrated that displacing the arm from the 
body caused the responses of deafferented monkeys to become inaccurate, 
while the intact monkeys quickly compensated for the new relative 


position of the arm to the body. According to Bizz4 et al: 


"The dramatic inability of the deafferented monkey 

to execute accurate pointing responses in an unusual 
postural setting or when a constant bias load was 
applied underscores the great importance of afferent 
feedback in updating and adjusting the execution of 
learned motor patterns when posture is changed." (p.193) 


This evidence presented is, as Schmidt (1980) comments; 
"particularly damaging for an impulse timing view of motor programming, 
Aateleast for this kind) of movement.” (p 151) 

Evidence which tentatively supports the proposition of parallel 
processes in the control of movement is given by Falkenberg and 
Newell (1980). They report that reaction time, (the time between a 
start signal and the beginning of a movement) has been generally 
accepted as a measure of the processing demands of movement initiation. 
Kerr (1978) and Klapp (1976, 1978) suggested that variations in 
reaction time due to manipulation of various response parameters 
indicated the degree to which the parameter was a feature in response 
programming. 


The only response parameter consistently seen to affect reaction 
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time, as reported earlier, has been movement time (Kerr, 1978; Klapp 
et al, 1974). However, Falkenberg and Newell (1980) suggest that 
initiation time differences attributed to movement time could equally 
have been explained by variations in average velocity. They cite the 
work of Klapp and Erwin (1976) in which, as average velocity of 
movement increased, initiation time decreased in a systematic fashion. 
Newell et al (1979) demonstrated further, that different movement time 
amplitude combinations, which generate the same mean velocities, had 


similar initiation times. Falkenberg and Newell state that: 


"It seems, therefore, that average velocity rather 
than movement time may be the key kinematic parameter 
determining response initiation time." (p.761) 


Falkenberg and Newell (1980) demonstrated, using self-timed 
movements, simple response techniques, and choice response techniques, 
that initiation time decreased as average velocity of movement 
increased. 

Conclusions from this research should be treated with caution 
however, since, as demonstrated by Schmidt et al (1978), initiation 
time covaried with velocity and also impulse force. According to 


Falkenberg and Newell (1980): 


"Indeed it seems entirely reasonable that the system 

is programmed around the force-time or impulse requirements 
of the response, which are dictated by the mass of the 
system being moved, together with the kinematic demands 
particularly average velocity, of the criterion response. 
In other words, kinematic requirements may be mere 
concomitants or determiners of programming rather than 
features of the program." (p./767) 
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Although the theory that control and coordination of movement 
may be partly based on the viscous and elastic properties of the 
muscle joint system, has only recently been recognized, it was 
proposed as early as 1947 by Bernstein (reported in Bernstein, 1967). 
Bernstein suggested that when mascles acting at a joint are constrained 
to act as a unit, the linkage is describeable as a Glcies of vibrating 
system whose physical and behavioural characteristics are qualitatively 
similar to a mass-spring. Asatryan and Feldman (1965) and Feldman 
(1966) demonstrated that when subjects were required to hold a constant 
angle at the elbow joint against a resistance, changes in the load 
resulted in changes in joint angle that were predictable as the 
behaviour of a non-linear spring. 

Kelso and Holt (1980) suggest that this mass-spring account of 
limb localization reduces many of the problems confronting theorists 


in movement control. 


"Perhaps its major characteristic for our purpose is 
that it is intrinsically self equilibrating: once 

set in motion the spring will always come to the same 
resting length for any particular load value. 

Neither an increase in the initial deflection of the 
spring from its resting length nor temporary 
perturbations will prevent the achievement of the 
equilibrium point.....6 | (p.409) 


One concern of theorists has been to explain how the brain 
accommodates variability in the context within which movements occur; 
Tabelled by Turvey et al (1978) as "context-conditional variability." 


Simply, this refers to the lack of an invariant relationship between 


centrally generated signals and movement autocues, what Schmidt (1978, 
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1979) would call motor-output variability. Since the mass-spring 
disregards initial conditions and is impervious to perturbations of 
movement trajectory, it goes some way to alleviating this problem. 

Aslo of concern is how end point might be achieved through a 
variety of movement trajectories and diverse kinematic details such 
as velocity and amplitude. According to Kelso and Holt (1980) it is 
not the kinematic details but the underlying dynamic parameters of mass, 
stiffness and viscosity that are important in the regulation of 
movement. Specification of these dynamic parameters determines 
kinematic details and variability in these parameters will effect the 
equilibrium process only in terms of the observed kinematics but not 
in achievement of equilibrium position. 

Kelso and Holt (1980) have attempted to determine whether any 
of the observed kinematic characteristics that occur in localization 
violate the mass-spring model. One prediction is that production of 
terminal location will be superior to production of amplitude since 
terminal location is specified by a motor program as an equilibrium 
point. However, amplitude production requires programming of new 
equilibrium points as the initial conditions vary. Kelso and Holt 
(1980) demonstrated that reproduction of location is hardly affected 
by changes in initial starting point, whereas amplitude reproduction 


reflects a bias to reproduce location. 


",...the data are consonant with the equifinality 
characteristic of a mass-spring system. That is, 
despite changes in initial conditions (displacement 
of a limb to a new starting position) a mass-spring 
system will always reach an invariant final position 
or equilibrium as determined by its parameters." 
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Further, Kelso and Holt demonstrated that accuracy of movements was 
not affected by perturbations which again supports the mass-spring 
view. 

Cooke and Eastman (1977) and Evarts and Granit (1976) have 
proposed fast acting feedback loops, acting in a closed loop manner, 
to account for these findings. However, Kelso and Holt (1980), using 
a wrist-cuff technique, demonstrated that performance in a localization 
task showed no significant difference between perturbed and 
non-perturbed trials, even in the absence of sensory feedback. 

While the mass-spring theory of limb localization appears to 
account for many abserved phenomena in movement, the applicability of 
this engineering analogy to the human muscular system is open to some 
dispute. Houk (1976) demonstrated that when loaded, skeletal muscle 
fails to demonstrate the same characteristic elastic properties of 
Springs as suggested=by Bizzi et al (1976, 1978); Polit and Bigzi 
(1979); Kelso and Holt (1980) and by earlier worker (Bernstein, 1947; 
Crossman and Goodeve, 1963). In fact, Houk (1976) demonstrated that 
the spring analogy to muscle breaks down if the muscle is stretched by 
only 1% of its original length. Houk. goes on to propose that the 
important property of muscle in the control of limb localization is 
the property of 'stiffness' which is the function of length and 
tension. 

This theory is well supported by eyidence from neuromuscular 
physiology which has demonstrated the presence of fast acting 
feedback loops which may be responsible for adjusting stiffness 


of the muscle throughout movement (Garnett & Stephens, 1980; 
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103. 
Buller, Garnett & Stephens, 1980). Furthermore, many deafferentation 
studies demonstrate loss of fine motor coordination of deafferented 
limbs while gross accuracy is maintained. This observation led 
Glencross (1977) to propose a two tier model of movement control 
which is paralleled by the current theories of alpha-gamma coactivation 
as the means of movement control. 

Clearly, therefore, while the 'mass-spring' has attracted a 

great deal of attention from psychologists, its enthusiastic reception 
must be tempered by a regard for the evidence from neuromuscular 


physiologists and engineers. 


Summary and Conclusions 


This chapter has presented a number of conceptual approaches 
to the theories of movement control. The early work of Fitts' (1954) 
emphasized an information processing approach to moyement control. 
The theory stated that if repetitive movements of average amplitude 
are speeded up then each movement can proyide less information and, 
therefore, variability in the movement or its duration will increase. 
Accounting for this theory, Crossman and Goodeve (1963) proposed a 
system of control based on the continual monitoring of feedback. 
The most contradictory evidence to this point of view comes from 
study of deafferentation in which decrements in performance were 
not noted in the absence of sensory feedback. 

Schmidt et al (1978, 1979) in examining the locus of 
variability in movement, proposed an impulse timing representation 


of movement control. Such a theory suggested that variability in 
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104. 
movement endpoint was due to variability in force production and 
time production mechanisms. However, while Fitts" law is seen to 
hold for longer amplitude, slow movements, Schmidts law accomodates 
only short duration, ballistic type movements. 

The existence of two, independent methods of movement control 
would appear excessively complicated. Most recent studies, especially 
those concerned with deafferentation haye fayoured a method of 
movement control which takes advantage of the passive elastic 
properties of the agonist and antagonist muscles. The mass-spring 
theory proposes that final limb position is an equilibrium point 
based on the firing rate and recruitment of motor units, the 
length tension properties of the muscles involved and the passive 
elastic properties of the loaded muscles. This theory was first 
proposed by Crossman and Goodeye (1963) and has recently been 
Supported=by theywork of Bizzi-et ali.) C1974, 1978);s"Polit and» Rizzi 
(1979) and Kelso and Holt (1980). Such a theory accomodates the 
observations that final endpoints can be achieved by a number of 
varying trajectories, velocities and forces. This view of movement 
control and the evidence to support it, are particularly damning 
for the impulse timing view of control. Impulse timing hypothesises 
that if the mass of a limb is increased then the time production 
mechanism will meter out the same length of time and since the 
force is maintained then the limb will fall short of the target. 
However, this situation is not observed as increasing the mass of the 
limb (Polit & Bizzi, 1979) does not prevent acquisition of the target. 


This supports the mass-spring view of control. 
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LOS 

Although the mass-spring theory of moyement control is 
regarded, even by Schmidt and McGown (1980) as damaging to the 
motor output variability theory, one or two questions still remain. 
Polit and Bizzi (1979) have proposed that although the mass-spring 
theory accounts for correct positioning of limbs, it must be 
accompanied by a mechanism which controls limb velocity. It is 
proposed that these mechanisms underlying limb movement are 
independent but act in parallel. 

Reaction time is generally accepted as a measure of processing 
demands and variations in reaction time due to manipulation of response 
parameters indicate the degree to which a parameter is a feature 
in response programming. The only response parameter consistently 
seen to affect reaction time has been movement time (Klapp et al , 
1974; Kerr, 1978). However, Falkenberg and Newell (1980) have shown 
that these variations in reaction time could equally be attributed 
to variations in average velocity. As a result, the possibility 
still remains that the system is programmed around the force-time 
or impulse requirements of the response, since Schmidt et al (1978) 
demonstrated that reaction time varied not only with velocity but 
also with impulse force. 

It could be that the theory of Schmidt et al although not 
speaking directly to this point, account for the proposed parallel 


process governing velocity described by Polit and Bizzi (1979). 


sabtueydign'hy Seneiae te 7 Buia nae Les ate wid sak niet sae 
saneqbur 46 gottaludinem’ 99 cub, niltg/WATIAgst AF weektehrey Bam abagesh 

A 

getas? Bo as TetAeieg & erat ae alt heal 2/9 ,ayanbhat sr0ssmesea 

ghingteligns TetumaVeg Saunt th, Tne bat lye #emotgosg spcoquar at 

+ ip ta gel) Dans pieene eat yh 5 Mae? s noi ques sowie Ba laeae 

vate ead (GULL) TiomW Hhaugtsdiatley ,vevowndt: (ORE, gener a 

pstidievdu ad oi hppa atvon Sin 2 mokageg ok woubine say camel) oertd 


7 


siete: @ mill tives & oA pee ageteya. nt sookislzey of 
watt~o0ii dy a aie ht lal ei. Sutens ati Apett ammeniie sa | 
(87H) ty 3% ab iatas ane juaucures we Ld GINO sped walugnt 20. Bi 
aud-Netooley de lw vs j60 60d, kit Hotsasas el heim aetna’ 
; id. ~on Pa 920? baleen tate oniin 
Yad Squads te da sk tap: YroIis et teas of MENALFE agce © 
Kath niey Samrat sii tek yi ining tos 09 ¢hdawrah gaaalange: 
ACTED anead tind sie gb neki pte yitdubay aceiaiaiaaliies, 


APPENDIX B 


106. 


LO]: 
Figure A shows the rate of change of velocity with time as 

represented in digital values per second. This data was obtained from 
the accelerometer during one trial from one subject performing a 40 
cm. movement. Digital values have been adjusted by subtracting 200 
from each value in order to reduce the length of the Y axis. 312 
digital values, therefore, represents zero acceleration. Values below 
312 represent acceleration, while those above 312 represent decceler- 
ation. Due to noise in the system and the extreme sensitivity of 
the accelerometer, a small fluctuation around the zero value is 


present even when the accelerometer is at rest. 


Time has been partitioned into four units: 
1. Represents time from the presentation of the signal to 
move to the initiation of the response by the subject. 


This is, theretore, a measure offi reaction’ time. 


2. Represents the time during the movemnet in which the limb 
undergoes acceleration. This is the time of acceleration. 
The area under the curve bounded by the two lines of 2 


represents the accelerative impulse. 


3, Represents the time during the movement in which the limb 
undergoes decéeleration. This is the time of dec¢eleration. 
The area under the curve bounded by the two lines of 3 


represents the dec¢elerative impulse. 
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Figure A 


Digitally coded analog data from accelerometer fOrsone trial stor 


a single subject performing a 40 cm. movement. 


L009. 
4. Represents the time from the presentation of the signal 
to move to the completion of the response by the subject. 


This is a measure of the total movement time. 


The computer was programmed to calculate the variables listed 
for each trial completed under each amplitude of movement. Results 


were printed in tabular form. 


Figure B shows the displacement as measured in digital values 
over time for a single trial by one subject performing a 40 cm. 
movement. The data has been partitioned into two units: 

1. Represents the distance in digital values that the subject 


moved prior to the initiation of a correction. 


2. Represents the distance moved in digital values following 


a COLrnre@et1on. 


The computer was programmed to calculate these distances 


for each trial performed for each amplitude of movement. 
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Table 


Analysis of Variance 


Experiment 1 


SOURCE DF 
TREATMENT GROUP (GP) 1 
AMPLITUDE (A) 2 
GPE XEA 2 
TRIALS (T) 19 
CpexeT 19 
ARXET 38 
GPEXEARXST 38 
SUBJECTS (S) 19 
GPPXXS 18 
GPRPXEAAXES 36 
GRPXETIXES 342 


GEPXSARXST IXES 684 


Variable: Reaction Time 


MS 
2011376.0 
43368.000 
33416 .000 
3238.7368 
2654. 3157 
2013.4736 
2086. 3157 
192474.00 
91424.000 
14474.219 
2600.5140 
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Table 


Analysis of Yariance 


Experiment 1 Variable: Time of Acceleration 
SOURCE TE MS 

TREATMENT GROUP (GP) Z 14005.500 
AMPLITUDE (A) 2 47720.000 
GP XA 4 717.25000 
FREALS- GF) 19 265551367 
GP x TF 38 #97 205158 
A xT 38 28852612 
GP X AX T 76 ZED e771 034 
SUBJECTS (S) 29 SLOLF2700 
GP X% 5 af 2358.0000 
GF XAXS 54 1036.3500 
GPX TXS 2 274.27000 
CP XS AX TRS 1026 265.93000 
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Analysis of Variance 


Experiment 1 Variable: Time of Deceleration 
SOURCE DF MS 

TREATMENT GROUP (GP) 2 93208.000 
AMPLITUDE (A) 2 110776.00 
CPx A 4 2459.9990 
TRIALS (T) Eo 218954736 
GP xX T 38 8003.7891 
AXT 38 DO663F0700 
GP x AX T 76 3530/7 25D71982 
SUBJECTS (S$) P23) 24354.650 
GP x Ss Ze 192537835 
GP xA XS 54 13494°219 
Gex Tr xX-S 513 6492.2200 
Cexa x TX S 1026 6206.7900 


yey a ee) 


le 


ofits ate 
ce ci 
L8vz) eose 
ite Take 
GLP wEEOE 
elke 


eit nian 


Hossisead 


goer deo, 


iene 


TiS" 


Table 


Analysis of Variance 


Experiment 1 Variable: Distance Moved Prior to Correction 
SOURCE DE MS FE 
TREATMENT GROUP (GP) 2 6728.0000 0.93 
AMPLITUDE (A) 2 4341160.0 1479.9%* 
GP XA 4 536.00000 0.18 
TRIALS (T) 19 946.52612 Ve25 
GP XT 38 693.05249 0591 
ye aa 38 906.105 22 bats 
CPx & xX T 76 950 sFO522 O Sil 
SUBJECTS (S) 29 7163.5860 

GP x Ss ny) #195: 38500 

GPX AXS 54 2933 55500 

Ce x Er x Ss Sales 758.20600 

6p Ax IL XS 1026 787.94500 


*p i= .05 


Experiment 1 
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TREATMENT GROUP (GP) 
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Analysis of Variance 


MS 

1512.0000 
4813840.0 
980.00000 
LOS 557893 
98526306 
234.10526 
261.69000 
2680.2700 
2766.8100 
677.03000 
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Variable: Distance Moved Following Correction 
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Analysis of Variance 


Experiment 1 


SOURCE DE 
TREATMENT GROUP (GP) 2 
AMPLITUDE (A) 2 
GPs Xs A 4 
TREALS: (3b) 19 
GR XE 38 
Ae eo 38 
Ch xs A x T 76 
SUBJECTS (S) 29 
Ga 8 Di 
GPX AX S 54 
Chi Xe & S 513 
GRe ie A Xt Ip Xe S 1026 
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Variable: Accelerative Impulse 


MS 

724.836) x0108 a 
187.800 x 10 60. 
31401984.0 ie 
5200008. 00 il. 
4566069.00 L. 
5357244.00 ik 
5167481.00 Le 
2743766 .00 
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Table 
Analysis of Yariance 


Experiment 1 Variable: Decelerative Impulse 


SOURCE DF MS 
TREATMENT GROUP (GP) 2 Ssoroiea 0° 
AMPLITUDE (A) 2 428.84 x 10/ 
GP XA 4 29163520.0 
TRIALSN CT) 19 30156896.0 
GP XT 38 42531136.0 
A AT 38 41296288.0 
Cpe Ack T 76 37907392.0 
SUBJECTS (S) 29 1621202. 40 
GP XS 27 514799620.0 
CPXAXS 54 137342820.0 
pee Sober 513 53545584.00 
Gpas AX T XS 1026 49029536.00 
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Analysis of Variance 


Experiment 1 Variable: §$.D. Duration of Accelerative Impulse 


SOURCE DE MS F 
TREATMENT GROUP (GP) 2 138.630 5.83% 
AMPLITUDE (A) 2 Dd 0 2.248 
GP XA 4 15.4830 0.58 
SUBJECTS (S) 29 31.6900 

ere 3 a) 23.7690 

ea Bie eiges 54 26.3220 
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Experiment 1 Variable: S.D. Duration of Decelerative Impulse 
SOURCE DF MS F 
TREATMENT GROUP (GP) 2 I 292R7p 4.902% 
AMPLITUDE (A) 2 107.7500 0.062 
GP XA 4 710.0780 0.407 
SUBJECTS (S) 48) 2923.500 

cP x 5 27 2303 .630 

GP XAXS 54 1745.890 
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Analysis of Variance 


Experiment 1 Variable: S.D. Accelerative Impulse 

SOURCE DE MS E 
TREATMENT GROUP (GP) 2 1021717200 2.036 
AMPLITUDE (A) 2 2821120.00 9.482% 
GP XA 4 38400.0000 05123 
SUBJECTS (S) DAS) 

GCP XS a 501826.130 

GE SAX S 54 2996352790 
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Analysis of Variance 


Experiment 1 Variable: §.D. Decelerative Impulse 

SOURCE DF MS E 
TREATMENT GROUP (GP) 2 15369 
AMPLITUDE (A) 2 4.981% 
GP XA 4 0.491 
SUBIECES (S) 29 

GP xX S$ 24, 

GPx AX S 54 
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Experiment 1 Variable; 

SOURCE DF 
TREATMENT GROUP (GP) Z 
AMPLITUDE (A) 2 
GP XA 4 
SUBJECTS (S) 29 
GPX 5S Jai] 
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Analysis of Variance 


Experiment 1 Variable: §.D. Distance Moved Following Correction 
SOURCE DE MS EF 
TREATMENT GROUP (GP) 2 Poe Wohl) OW255 
AMPLITUDE (A) 2 220.41 20.926% 

GP XA 4 5.8180 On obZ 
SUBJEGIS® (S) 29 8.8490 

Gp kis a 9.3440 

Grex A x S$ 54 107538 
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SOURCE 

AMPLITUDE (A) 
PERIPHERAL TARGET 
WIDTH (PTW) 
SUBJECTS (S) 

A X PTW 

AXS 

PTW XS 


AX PIW XxX S 
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Table 
Analysis of Variance 


Variable: Reaction Time 


DE MS F 
2 1452179 2.10 
2 IB D505 teas 
4 9398872 
4 1508231 1.3816 
8 6914.04 
8 1199359 
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Analysis of Variance 


Experiment 2 Variable: Duration of Accelerative Impulse 
SOURCE DF MS F 
AMPLITUDE (A) 2 1844.796 TEH9 PS * 


PERIPHERAL TARGET 


WIDTH (PTW) 2 291.4450 5.985% 
SUBJECTS (S) 4 26.44100 

A X PIW 4 113.6640 1.344 
AXS 8 97.52900 

PTW XS 8 48.69100 

AX PTWXS 16 84.57200 
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SOURCE 


AMPLITUDE (A) 
PERIPHERAL TARGET 
WIDTH (PTW) 
SUBJECTS (S) 


A X PTW 
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Analysis of Variance 


Variable: Duration of Decelerative Impulse 


DE Ms F 
Zz 7946.670 7.029% 
2 224.8090 Y 4137, 
4 1603.608 
4 T2335 cose 22820 
8 TE EYO) Svs) 

8 19 7a 250 

16 437.4260 
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Experiment 2 


SOURCE 


AMPLITUDE (A) 
PERIPHERAL TARGET 
WIDTH (PTW) 


SUBIECIS: (S)) 


A X PTW 


AXS 


PIW Xx. S 


AX PIW XS 
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Experiment 2 


SOURCE 

AMPLITUDE (A) 
PERIPHERAL TARGET 
WIDTH (PTW) 
SUBJECTS (S) 

A X PIW 

AX Ss 

PIW ZX S 


Poe BIW XS 
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Table 
Analysis of Variance 


Variable: Accelerative Impulse 


DE MS ig 
2 Belo er IN Goss U) 45.92% 
2 2520564.00 LhOo 
4 19618000.0 
4 989102.000 1.481 
8 1252668.00 
8 903544.000 

16 667482.000 
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Experiment 2 


SOURCE 

AMPLITUDE (A) 
PERIPHERAL TARGET 
WIDTH (PTW) 
SUBJECTS (S) 

A X PTW 
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PTW X S 
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Analysis of Variance 


Variable: Decelerative Impulse 


DF MS 
2 145684050 
2 15866323.0 
4 120411130 
4 35478570.0 
8 21223240.0 
8 9089092.00 

16 10909311.0 
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Experiment 2 


SOURCE 


AMPLITUDE (A) 
PERIPHERAL TARGET 
WIDTH (PTW) 
SUBJECTS (S) 


A X PTW 


A X 


PTW X S 


AX PIW XS 
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Experiment 2 


SOURCE 

AMPLITUDE (A) 
PERIPHERAL TARGET 
WIDTH (PTW) 
SUBIBCTS (S) 

A X PTW 

Ae oS 
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Variable: Distance Moved Following Correction 


DF MS F 
2 109572.1 239.430% 
2 506.621 1.813 
4 284.961 
4 151 059 2.403 
8 457.626 
8 279.433 

16 62.8200 
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Experiment 2 


SOURCE 


AMPLITUDE (A) 
PERIPHERAL TARGET 
WIDTH (PTW) 


SUBJECTS (S) 
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Analysis of Variance 


Variable; S.D. Distance Moved Prior to Correction 


DF MS F 
c LOT ory 7 11.96% 
2 40.6350 Sr05* 
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4 PU weed oe 2.44 
8 TOI e450 
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Experiment 2 
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AMPLITUDE (A) 
PERIPHERAL TARGET 
WIDTH (PTW) 
SUBJECTS: (S) 
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Analysis of Variance 


Variable; S.D. Duration of Accelerative Impulse 


DF MS. B 
2 748.480 1.276 
2 WN HES 28375 
4 1125678 
4 698.384 2.039 
8 586.551 
8 301.388 

16 342.348 
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PERIPHERAL TARGET 
WIDTH (PTW) 
SUBJECTS (S) 
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Table 
Analysis of Variance 


Variable; S.D. Duration of Decelerative Impulse 


DE MS F 
2 8042.14 5.039% 
2 619765760 Ae ANS) 
4 3767549 
4 2853.6 25215 
8 1451.84 
8 353.744 

16 1288.28 
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Experiment 2 


SOURCE 

AMPLITUDE (A) 
PERIPHERAL TARGET 
WIDTH (PTW) 
SUBJECTS (S) 

A X PTW 

Bx Ss 

PTW X S 


A X PTW XS 
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Analysis of Variance 


Variable: 5.D. Accelerative Impulse 
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Experiment 2 


SOURCE 

AMPLITUDE (A) 
PERIPHERAL TARGET 
WIDTH (PTW) 
SUBIECTS (S) 

A X PTW 

AXS 

PTW X 5S 


A X PIW X S 
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Variable: §.D. Decelerative Impulse 
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Raw Data from Experiments One and Two 


The data for experiment one is organized in the following 


Manneri=- 


Column 


Columns 


Columns 


Columns 


Columns 


Columns 


Columns 
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Columns 


Columns 


Columns 


17-19 


21-23 


2D=2) 


29-31 


33-37 


39-43 


For Experiment Two data will 


Columns 1-6 are as follows:- 
Column 
Columns 
Column 


Columns 


al 


2-3 


4 


5-6 


Treatment Condition 
Amplitude of Movement 
Subject Number 

Trial Number 

Reaction Time 

Duration of Accelerative 
Impulse 

Duration of Decelerative 
Impulse 

Moyement Time 

Distance Moved Without 
Correction 

Distance Moyed Following 
Correction 

Accelerative Impulse 


Decelerative Impulse 


be found in the same columns. 


Subject Number 
Amplitude of Movement 
Peripheral Target Width 


Trial Number 
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1100103 
1100104 
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1100106 
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1100111 
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1VOOH 13 
1100114 
VAOOM 1S 
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T1OOd 17 
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1200102 
1200103 
1200104 
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1200106 
1200107 
1200108 
1200109 
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1200111 
WZ2OOR 2 
1200113 
1200114 
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TLZOOR1 Ti 
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082920 
07896 
05990 

10938 
06725 
07342 
07464 
05793 
04583 
06706 
06706 


05655 
05134 
10544 
05320 
17337 
09724 
10631 
04329 
OT7T23 
07008 
07697 
11362 
06372 
©3570 
10123 
03144 
1006 1 
05414 
09524 
13665 
08479 
01379 
01764 
12402 
13748 
O7660 
125677, 
06051 
14492 
1OSS9 
07207 
OV 233 
11806 
eae 
13212 
VATS) 
08425 
WO WS) 
10088 
12472 
02220 
18258 
12404 
Vea 
10423 
12239) 
15043 
08492 
17969 
08488 
05683 
15455 
10148 
11208 
13667 
10123 
13544 
14942 
10497 
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EXPERIMENT 2 


UVR 


110101 
110102 
110103 
110104 
110105 
110106 
110107 
110108 
110109 
110110 
1101141 
1101 12 
110113 
110114 
110115 
110116 
110117 
110118 
110119 
110120 
110201 
110202 
110203 
110204 
110205 
110206 
110207 
110208 
110209 
110210 
110244 
110212 
110213 
110214 
110215 
110216 
110217 
110218 
110219 
110220 
110401 
110402 
110403 
110404 
110405 
110406 
110407 
110408 
110409 
110410 
110414 
110412 
110413 
110414 
110415 
110416 
110417 
110418 
110419 
110420 


400 
434 
292 
338 
408 
432 
504 
448 
448 
388 
438 
392 
426 
440 
528 
518 
564 
436 
484 
542 
488 
530 
438 
464 
586 
Sy 122 
430 
642 
600 
610 
656 
726 
604 
528 
584 
804 
762 
492 
634 
514 
168 
310 
386 
PIOKE) 
270 
324 
250 
254 
286 
390 
PNB) 2 
314 
206 
312 
304 
338 
296 
332 
378 
254 


O62 
068 
O56 
046 
068 
O66 
078 
O66 
054 
056 
052 
082 
064 
068 
064 
062 
056 
032 
030 
O68 
052 
O56 
058 
098 
O76 
070 
058 
O60 
074 
O66 
034 
074 
O66 
O66 
054 
O70 
O60 
O70 
068 
O74 
O70 
062 
052 
O60 
058 
084 
050 
068 
O86 
062 
O66 
064 
O76 
062 
040 
068 
O60 
068 
080 
O36 


O66 
056 
072 
088 
O66 
064 
078 
060 
088 
098 
090 
088 
090 
116 
350 
074 
098 
030 
030 
064 
078 
064 
100 
096 
068 
O66 
078 
O60 
O66 
060 
102 
086 
050 
070 
080 
O66 
098 
O66 
084 
062 
072 
062 
130 
148 
104 
322 
110 
O66 
050 
084 
138 
O66 
100 
078 
032 
068 
090 
086 
092 
030 


564 
618 
476 
494 
602 
742 
824 
624 
640 
566 
610 
596 
604 
644 
942 
704 
744 
B22 
564 
W222. 
642 
862 
616 
686 
778 
876 
778 
820 
784 
786 
812 
906 
786 
684 
740 
982 
940 
678 
920 
706 
356 
856 
594 
450 
454 
750 
432 
440 
528 
586 
476 
464 
410 
508 
396 
el 
466 
518 
586 
340 


O78 
100 
101 
079 
088 
101 
098 
108 
085 
078 
O96 
102 
OWS) 
O86 
O60 
108 
085 
023 
O27 
Og 
074 
084 
O68 
O86 
Ogg 
030 
081 
085 
O86 
035 
O73 
O86 
O79 
092 
O71 
098 
094 
098 
107 
0390 
101 
100 
OH 
081 
087 
O72 
O69 
We 
090 
O96 
O6O 
109 
08 1 
085 
O60 
O76 
0932 
120 
e222 
048 


064 
O66 
063 
064 
059 
O57 
061 
078 
064 
064 
O77 
082 
O69 
081 
O6O 
O73 
O70 
O68 
064 
055 
058 
O67 
06 1 
ON 
O72 
058 
O50 
058 
061 
O71 
O6O 
O73 
053 
O87 
062 
083 
08 1 
O71 
053 
06 1 
070 
064 
063 
072 
O72 
O72 
O57 
OFS) 
O59 
072 
061 
100 
068 
058 
087 
053 
O76 
O90 
093 
068 


03375 
06761 
03960 
02945 
06033 
05714 
07043 
06442 
©2799 
05732 
03805 
06974 
03369 
06307 
05226 
OS 1S 
02737 
02407 
OVS 
O3662 
04057 
07046 
02767 
O7646 
08170 
O6096 
04721 
04538 
08240 
Ove 2 
0098 1 
OSes 
07350 
06736 
02982 
05554 
03756 
06377 
08483 
08036 
05214 
05036 
Osa 
05883 
03283 
O9966 
02307 
06671 
08367 
06357 
04675 
05408 
06478 
02013 
01698 
03722 
02207 
06024 
08992 
02300 


07154 
06630 
11274 
Walaa 
06051 
06737 
O8607 
10584 
08143 
14376 
08198 
10008 
06692 
16167 
42810 
08696 
HOV LY 
03279 
Osnt20 
09701 
09567 
03802 
10952 
10813 
04570 
05862 
06923 
06194 
04254 
044°8 
08545 
O7a22 
04199 
06253 
08530 
05446 
08960 
(hs) 7/7)'S} 
07202 
05037 
06788 
05149 
12500 
14754 
09663 
50299 
13191 
OoS9 67, 
04420 
05048 
14084 
05289 
11320 
07966 
03220 
05634 
11326 
09938 
12388 
03180 


PDs 


120101 
120102 
120103 
120104 
120105 
120106 
120107 
120108 
120109 
120110 
ZO 
120112 
120113 
120114 
120015 
120116 
120117 
120118 
120119 
120120 
120201 
120202 
120203 
120204 
120205 
120206 
120207 
120208 
120209 
120210 
nZO2a i 
120212 
120213 
120214 
TZO25 
120216 
PZ2O02 17 
120218 
120219 
120220 
120401 
120402 
120403 
120404 
120405 
120406 
120407 
120408 
120409 
120410 
120411 
120412 
120413 
120414 
120415 
120416 
120417 
120418 
120419 
120420 


396 
468 
372 
410 
636 
458 
398 
4930 
466 
440 
622 
488 
274 
534 
462 
430 
390 
474 
498 
640 
296 
322 
360 
342 
430 
448 
332 
380 
374 
300 
284 
338 
226 
362 
386 
392 
2) 7/f33 
350 
358 
Sii2 
462 
208 
340 
428 
418 
270 
302 
244 
340 
420 
316 
270 
360 
326 
250 
334 
268 
PRX) 
306 
328 


O70 
062 
048 
O60 
064 
O56 
O68 
064 
090 
O76 
O60 
058 
068 
O74 
064 
058 
078 
O66 
048 
O60 
062 
088 
070 
078 
070 
074 
O76 
058 
O50 
O74 
046 
034 
078 
082 
082 
O74 
078 
O70 
058 
O76 
O6O 
040 
058 
O72 
O72 
O6O 
O56 
O74 
O70 
068 
O66 
080 
068 
O74 
070 
070 
070 
O76 
O72 
058 


084 
174 
294 
3390 
054 
O78 
O86 
038 
326 
O70 
110 
052 
O76 
388 
O96 
296 
220 
296 
134 
124 
094 
084 
030 
094 
126 
106 
034 
128 
044 
364 
388 
182 
382 
374 
092 
138 
370 
134 
030 
102 
204 
100 
182 
266 
O74 
470 
206 
O74 
O56 
080 
088 
O78 
304 
O74 
078 
O72 
068 
100 
128 
418 


578 
746 
996 
396 
996 
aoe 
SB / 2 
612 
882 
606 
812 
810 
908 
9396 
642 
998 
708 
856 
700 
844 
486 
996 
584 
648 
646 
628 
618 
648 
488 
758 
SINE 
572 
998 
996 
928 
624 
996 
576 
996 
568 
770 
404 
600 
766 
608 
820 
584 
418 
486 
590 
490 
580 
996 
494 
418 
496 
426 
840 
526 
996 


122 
119 
123 
134 
147 
138 
149 
124 
123 
159 
150 
124 
151 
127 
141 
131 
122 
114 
123 
140 
167 
174 
173 
159 
144 
155 
165 
158 
123 
123 
141 
127 
126 
147 
177 
162 
126 
149 
189 
183 
148 
142 
102 
128 
144 
130 
122 
163 
138 
142 
147 
154 
124 
151 
140 
148 
146 
157 
138 
128 


aS 
119 
V2 
131 
124 
138 
145 
145 
123 
ey 
135 
118 
2S) 
nl 27 
133 
126 
122 
118 
12:2 
130 
142 
120 
144 
118 
5 
155 
134 
126 
153 
22 
118 
121 
ie 
We 
128 
149 
120 
133 
123 
142 
140 
132 
101 
128 
131 
130 
Weary 
158 
136 
137 
138 
123 
125 
140 
134 
142 
140 
125 
133 
126 


Oia 2 
07733 
07225 
07783 
06975 
©5929 
10133 
08868 
11663 
08769 
07178 
04901 
O22 
09634 
06984 
08557 
06510 
06619 
04815 
05989 
08422 
09439 
07087 
07764 
05877 
07708 
06735 
05173 
05052 
05892 
05386 
03754 
06493 
07613 
09646 
05620 
OS2577, 
04636 
10276 
07156 
09296 
04567 
06371 
OSieit 
06475 
05836 
05585 
07310 
05899 
08119 
070380 
039135 
08036 
08200 
07086 
10474 
07539 
08578 
07144 
08 162 


07021 
1 SJO}S)s) 
36363 
30360 
05205 
04785 
08484 
04062 
55659 
07988 
14544 
01944 
10077 
37741 
08901 
AN\SEVO) 
21006 
21541 
22542 
11392 
13330 
10797 
10446 
11754 
al 7ASIS) 
14590 
07626 
12S 
04117 
32114 
73324 
16733 
70433 
40490 
11403 
11980 
40229 
13973 
07905 
11924 
PIV PIPE 
06628 
21534 
ZnB 2: 
09858 
42568 
19363 
08290 
08542 
11114 
SKS} 7/ 
09547 
CISKS AS 
10932 
12542 
08240 
O723 
10003 
24997 
39341 
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140101 
140102 
140103 
140104 
140105 
140106 
140107 
140108 
140109 
140110 
140111 
140112 
140113 
140114 
140115 
140116 
140117 
140118 
140119 
140120 
140201 
140202 
140203 
140204 
140205 
140206 
140207 
140208 
140209 
140210 
140211 
140212 
140213 
140214 
140215 
140216 
140217 
140218 
140219 
140220 
140401 
140402 
140403 
140404 
140405 
140406 
140407 
140408 
140409 
140410 
140411 
140412 
140413 
140414 
140415 
140416 
140417 
140418 
140419 
140420 


436 
536 
466 
384 
532 
524 
542 
456 
536 
552 
544 
674 
428 
426 
480 
462 
524 
338 
294 
452 
296 
386 
318 
270 
216 
236 
258 
264 
302 
346 
300 
276 
216 
156 
344 
306 
262 
We) 
224 
258 
382 
304 
288 
302 
390 
208 
270 
240 
244 
426 
282 
350 
378 
298 
234 
398 
400 
288 
Zoe 
446 


068 
O30 
O86 
O76 
O76 
O86 
O96 
068 
O76 
094 
084 
068 
030 
O76 
084 
O72 
082 
0390 
O86 
082 
O86 
074 
074 
O76 
062 
O76 
O76 
094 
078 
@©92 
100 
090 
088 
088 
084 
082 
O90 
104 
088 
084 
084 
O76 
076 
080 
084 
088 
082 
084 
088 
068 
O30 
O78 
034 
O76 
O96 
086 
094 
078 
O90 
O70 


110 
130 
104 
080 
108 
O86 
O74 
Ate 
0394 
it 
O96 
130 
O96 
032 
290 
030 
044 
O66 
090 
102 
424 
030 
030 
128 
O52 
042 
030 
128 
250 
082 
372 
484 
046 
122 
030 
078 
0390 
030 
030 
We 
104 
030 
146 
140 
042 
120 
130 
036 
130 
150 
122 
368 
102 
140 
116 
136 
030 
284 
032 
124 


918 
778 
720 
Shee) 
742 
716 
740 
658 
798 
TTS 
758 
904 
718 
554 
884 
584 
G70 
514 
500 
780 
9396 
510 
442 
300 
350 
374 
384 
626 
650 
996 
S22 
Sime 
728 
396 
478 
486 
516 
346 
362 
490 
946 
430 
530 
542 
536 
416 
526 
380 
610 
678 
516 
996 
998 
580 
488 
638 
944 
998 
434 
672 


ai 
250 
266 
263 
258 
270 
274 
260 
CMTS 
22 
254) 
DYD 
EUS 
182 
2155 
169 
2Ai5 
245 
261 
259 
245 
154 
190 
265 
237 
2SVS) 
210 
2a 
246 
2IQ}S) 
248 
247 
263 
292 
200 
297, 
2390 
268 
205 
2814 
309 
206 
243 
282 
208 
263 
282 
233 
2938 
eis) 
245 
255 
259 
254 
273 
293 
220 
248 
209 
286 


246 
246 
259 
25 
255) 
264 
274 
260 
PSS! 
263 
254 
240 
252 
230 
255 
22 
242 
246 
263 
245 
243 
2 
256 
252 
271 
267 
Dare 
233 
249 
249 
247 
247 
241 
267 
250 
ANS; 
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244 
244 
270 
244 
256 
233 
ei 
242 
263 
260 
DYE 
246 
Zoo) 
238 
244 
245 
236 
253 
276 
240 
246 
255 
276 


09110 
10861 
08911 
12096 
08878 
08985 
13292 
09213 
10761 
09743 
OA TAS 
09234 
11489 
039714 
VATS) 
07090 
11509 
©3273 
10552 
08827 
esis) 
12418 
08970 
08380 
06988 
10384 
08070 
O8601 
08471 
14460 
inekerehi/ 
10874 
TOmSS 
13949 
13194 
14124 
11636 
13821 
07782 
093031 
08375 
09554 
OS482 
09553 
08096 
09056 
08844 
07441 
08918 
06927 
06669 
10187 
11471 
09347 
10266 
0g901 
11614 
08806 
03918 
03031 


14486 
18046 
12501 
Way 
14619 
Walsysyy 
10757 
12417 
11691 
18089 
14460 
16564 
12966 
01172 
47778 
03350 
03152 
13945 
13442 
16299 
37670 
00210 
01645 
16949 
05048 
06049 
00276 
14425 
45248 
OS7Si 
SIS}IAG 7 
51502 
05883 
22941 
03496 
13036 
10480 
02010 
03523 
lp7Sis2. 
iL SIS) 
03159 
32802 
28028 
04221 
13530 
16166 
04465 
18426 
24105 
14469 
49458 
12316 
27928 
17401 
213391 
01640 
38572 
03305 
15847 
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210101 
210102 
210103 
210104 
210105 
210106 
PENKOMONY 
210108 
210109 
210110 
210111 
2OHM 2 
210113 
210114 
2HOMH IO 
210116 
210117 
210118 
210119 
210720 
210201 
210202 
210203 
210204 
210205 
210206 
21OZO7, 
210208 
210209 
210210 
DV O21 4] 
210212 
210213 
210214 
210215 
210216 
210217 
210218 
210219 
210220 
210401 
210402 
210403 
210404 
210405 
210406 
210407 
210408 
210409 
210410 
210411 
210412 
210413 
210414 
210415 
210416 
210417 
210418 
210419 
210420 


256 
264 
426 
078 
206 
166 
240 
224 
194 
358 
158 
270 
ee 
116 
236 
180 
184 
314 
102 
218 
288 
312 
O70 
224 
218 
206 
106 
176 
262 
148 
174 
228 
208 
432 
070 
234 
PLS) 
106 
186 
149 
124 
108 
094 
226 
128 
Hit 
128 
156 
070 
12 
100 
O70 
128 
O96 
104 
094 
102 
226 
als 
156 


050 
044 
056 
034 
058 
O60 
030 
048 
048 
030 
064 
O60 
032 
040 
O66 
052 
O68 
030 
054 
032 
030 
320 
154 
054 
030 
054 
046 
O56 
030 
030 
030 
030 
030 
064 
144 
O65 
036 
045 
O66 
036 
032 
078 
110 
138 
130 
068 
120 
030 
082 
104 
038 
100 
0390 
036 
094 
030 
142 
138 
059 
O60 


126 
100 
086 
112 
O96 
094 
O36 
032 
122 
050 
Wale 
106 
O70 
V2 
104 
104 
O78 
092 
046 
O70 
058 
030 
O36 
030 
046 
030 
068 
036 
038 
O50 
140 
054 
036 
O36 
036 
040 
052 
059 
046 
O60 
030 
032 
094 
[22 
244 
034 
O60 
064 
ASO) 
052 
O52 
048 
O36 
O64 
1S 
150 
164 
Vez 
040 
O65 


452 
466 
614 
244 
420 
366 
326 
314 
400 
438 
362 
458 
326 
288 
430 
366 
382 
482 
222 
320 
396 
682 
280 
328 
314 
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